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This thesis investigates the use of satellite altimetry techniques for measuring surface elevation
changes of ice caps. Two satellite altimeters, Radar Altimeter 2 (RA-2) and Geoscience Laser
Altimeter System (GLAS) are used to assess the surface elevation changes of three Arctic ice
caps. This is the first time the RA-2 has been used to assess the elevation changes of ice
caps - targets much smaller than the ice sheets which are the instrument’s primary land ice
targets. Algorithms for the retrieval of elevation change rates over ice caps using data acquired
by RA-2 and GLAS are presented. These algorithms form a part of a European Space Agency
(ESA) glacier monitoring system GlobGlacier. A comparison of GLAS elevation data to those
acquired by the RA-2 shows agreement between the two instruments. Surface elevation change
rate estimates based on RA-2 are given for three ice caps: Devon Ice Cap in Arctic Canada
(−0.09± 0.29 m/a), Flade Isblink in Greenland (0.03± 0.03 m/a) and Austfonna on Svalbard
(0.33 ± 0.08 m/a). Based on RA-2 and GLAS measurements it is shown that the areas of
Flade Isblink below the late summer snow line have been thinning whereas the areas above the
late summer snow line have been thickening. Also GLAS observed dynamic thickening rates
of more than 3 m/a are presented. On Flade Isblink and Austfonna RA-2 measurements are
compared to surface mass balance (SMB) estimates from a regional atmospheric climate model
RACMO2. The comparison shows that SMB is the driver of interannual surface elevation
changes at Austfonna. In contrast the comparison reveals areas on Flade Isblink where ice
dynamics have an important effect on the surface elevation. Furthermore, RACMO2 estimates
of surface mass budget at Austfonna before the satellite altimeter era are presented. This
thesis shows that both traditional radar and laser satellite altimetry can be used to quantify
the response of ice caps to the changing climate. Direct altimeter measurements of surface
elevation and, in consequence volume change of ice caps, can be used to improve their mass
budget estimates.
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The key components of this thesis are three chapters written in scientific journal article format,
investigating the surface elevation changes of three large ice caps in the Arctic as measured by
satellite altimeters. These chapters are supported by three introductory chapters which cover
the aims of the work, the motivation, an overview of the study areas, a short history of satellite
altimetry relevant to the thesis, as well as an introduction to different techniques and past
research. In the discussion chapter, the importance of the results is evaluated and placed in
the context of future altimeter missions. This work has been performed as a part of the ESA
project GlobGlacier (see Appendix A). The aim of the GlobGlacier project was to establish a
service for glacier monitoring from space.
1.1 Aims of This Study
The aim of this thesis is to investigate the use of satellite altimetry techniques for measuring
the surface elevation changes of ice caps. At the start of the research, it was not certain if
traditional radar altimetry could be used to measure the surface elevation of ice caps. I show
that existing altimetry data from the European Space Agency’s (ESA) Environmental Satellite
(EnviSAT) and National Aeronautics and Space Administration’s (NASA) Ice, Cloud and land
Elevation Satellite (ICESat) add to the knowledge of ice caps. This thesis endeavours to provide
solutions for the challenges relating to satellite altimeter remote sensing of ice caps. Where
applicable, observed ice cap surface elevation changes are explained by climatic or glaciological
forcing mechanisms. Three ice caps (Devon Ice Cap (DIC), Flade Isblink Ice Cap (FIIC) and
Austfonna Ice Cap (AIC)) are investigated in detail and light is shed on the drivers of the
surface elevation change of these ice caps. Algorithms and tools presented in this work can
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be directly applied across a large number of other ice caps, as a broader study would provide
better estimates for the contribution of the ice caps to a rise in global sea level.
1.2 Motivation
Figure 1.1 shows the areas covered by land ice (including ice caps, -sheets and glaciers) on Earth.
The total volume of ice caps and mountain glaciers is estimated to be 241000±29000 km3 (Radic
& Hock, 2010). This equates to a potential to raise the global sea level by 60 ± 7 cm. This
global sea level rise potential of ice caps and glaciers is modest compared with the potential
contributions from Greenland and Antarctic ice sheets: 7 m (Dowdeswell, 2006) and 57 m,
respectively (Lythe et al., 2001). Putting this into perspective, the amount of ice in glaciers
and ice caps is less than 1% of the global land ice volume, the vast majority of ice residing in
ice sheets.
Figure 1.1: Map of land ice (including ice caps, -sheets and glaciers) on Earth. Red lines are
outlines of glaciated areas from Digital Chart of the World. Background: NASA Bluemarble.
The motivation for this study is the fact that the ice caps and glaciers are good indicators
of the ongoing global climate change. These bodies of ice are currently experiencing rapid
changes. Meier et al. (2007) estimated the contribution from glaciers and ice caps to the global
sea level rise in 2006 to have been 1.1± 0.24 mm/a when the total observed sea level rise was
3.1±0.7 mm/a. In addition to the ice caps and glaciers, the major contributors to the sea level
rise are ice wastage (including loss of ice due to negative surface mass balance and dynamic
effects) from the ice sheets (0.5 mm/a) and the steric effect of ocean warming (1.6 mm/a)
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(Meier et al., 2007). Future projections predict significant rates of volume loss from ice caps
and glaciers for the next century: according to a multi-model study by Radic & Hock (2010),
the sea level rise from glaciers and ice caps will amount to 12.4± 3.7 cm by 2100. This equates
to loss of one fifth of the total volume of ice in glaciers and ice caps today.
As mentioned earlier, the total sea level rise potential of glaciers and ice caps is an order
of magnitude smaller than that of ice sheets. The ice loss rate from the Greenland ice sheet
is increasing (Velicogna, 2009), and in fact may already have exceeded the ice loss rate from
glaciers and ice caps (Rignot et al., 2011). However, the sea level rise contribution of ice caps
and glaciers will remain significant during the next century. Also, because systems of different
sizes will possibly react differently to rising global temperatures, the study of all land ice bodies
is vital in the context of global warming.
This thesis investigates a satellite remote sensing method to assess the mass balance of
ice caps and glaciers. In contrast, past studies are heavily dependent on modelled data (e.g.
Radic & Hock (2011) and Meier et al. (2007)), relying on just a few direct observations for
calibration. Direct measurements of ice cap mass balance are point measurements by nature.
It is not feasible to cover a large ice cap with point measurements; ice caps can span thousands
of square kilometres of inhospitable terrain. Some past studies have utilised airborne data of
surface elevation. Alas, although spatially more extensive than point measurements, airborne
studies are usually limited to few transects over the target (e.g. Abdalati et al. (2004)). As
airborne campaigns are costly, they are also infrequent – at the very best one or two campaigns
per location per year. In contrast, satellite remote sensing provides near-global data with
reasonable revisit times. Even with the accuracy of satellite measurements poorer than that of
in-situ measurements, satellite studies are a valuable addition to the knowledge of the states of
and changes in the ice caps today.
1.3 Introduction to Glaciers and Ice Caps
A glacier is a perennial ice mass which moves over land. An ice cap is a dome-shaped body of ice
and snow that covers a mountain peak or a large area, and spreads out under its own weight. Ice
caps are in this sense a special case of glaciers. Ice often flows out from ice caps through outlet
glaciers, tongues of ice that extend from the main ice cap. Ice caps are often distinguished
from ice sheets by defining ice caps as being smaller than 50 000 km2 in size. Due to this
distinction, according to the American Meteorological Society, the Greenland and Antarctic
Ice Sheets should not be referred to as ice caps (Glickman, 2000). Ice caps are sometimes also
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referred to as glacier caps. Historically they have also been called “plateu glaciers”, “island
ices” or “highland ices” (Sharp, 1956). The word “ice cap” has also been used to denote sea ice
in the Arctic Mediterranean. However, as the sea ice is largely seasonal this use of the word is
now considered improper (Glickman, 2000).
1.3.1 Mass Balance of an Ice Cap
The mass balance of an ice cap (the gain or loss of snow and ice due to accumulation and
ablation) is usually determined by the climate. An ice cap gains mass by percipitation of snow
at the ice cap surface. Ablation refers to processes that remove mass from the ice cap. These
include melting and evaporation, as well as different calving processes. As the ice cap flows
under its own weight, ice is transported out from the system by dynamic processes. Ice caps
can lose mass through breakaway of ice at their margins. Ice breaking into icebergs at water-
terminating glaciers is known as iceberg calving, whereas calving of land-terminating glaciers is
called dry calving. Advance of a land-terminating outlet glacier will not always affect the total
mass of an ice cap – it is possible that only the shape of the ice mass changes. The mass of
an ice cap can also change by basal melting, which can be significant locally (e.g. Dowdeswell
et al. (1999)), but was considered negligible at a global or large regional scale by the IPCC
(IPCC, 2007).
Many estimates of the global ice cap and glacier mass change are based on the surface mass
balance component only (for example Radic & Hock (2011)). Nevertheless, there are individual
glaciers where the dynamic component has been observed to dominate the mass balance over
surface effects (Arendt et al., 2006). Studies of glacier or ice cap mass changes due to changes in
ice dynamics are rare (Meier et al., 2007). Most importantly, the relative importance of surface
mass balance and ice dynamics can be only roughly estimated globally.
1.3.2 Surface Elevation of an Ice Cap
The surface elevation of an ice cap is a variable connected with, but different from, the mass
balance of an ice cap. A change in surface elevation can result from a change in mass, but it
can also be due to a change in the density or geometry of the ice cap. Ways of measuring ice
cap surface elevation are introduced along with ways of measuring mass balance in Section 3.1,
but the distinction between the two should be borne in mind. A negative elevation change does
not necessarily lead to a negative mass balance of the ice cap and consequential sea level rise.
The usefulness of surface elevation measurements lies in their being directly related to ice cap
volume. If the density of lost or gained material is known, mass change can be calculated from
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volume change.
1.4 Target Ice Caps of This Study
Three large ice caps were selected as target areas for this study: Devon Ice Cap (DIC), Flade
Isblink Ice Cap (FIIC) and Austfonna Ice Cap (AIC). A map of the Arctic with locations of the
target ice caps is shown in Figure 1.2 and key characteristics of the target ice caps are listed in
Table 1.1.
Figure 1.2: A map of the Arctic with locations of the target ice caps. Background: NASA
Bluemarble.
All three ice caps were chosen for different reasons. The DIC was a natural target for
the initial study, since there was a 1 km resolution DEM (made by Dowdeswell et al. (2004))
available for the area. Furthermore the DIC is easily accessible in comparison to several other
Arctic ice caps, and thus a fair number of field and airborne measurements of the DIC mass
balance and surface elevation change are available.
FIIC was chosen firstly because of its convenient flat topography. Secondly, based on pre-
vious literature a strong surface elevation change signal was predicted. Because of prevailing
harsh weather conditions and more remote location, FIIC is less attractive for field work than
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the DIC. Nevertheless, some field campaigns have been conducted in the FIIC (e.g. an echo
sounding campaign in 2006 (Laing, 2009)).
AIC was included to broaden the geographical extent of the study. Also, like in the case of
FIIC, a strong surface elevation signal was expected for AIC. There have been several studies
(in-situ by Pinglot et al. (2001), airborne by Bamber et al. (2004) and satellite altimeter by
Moholdt et al. (2010a)) of AIC mass balance. Both DIC and AIC are also target areas for the
Cryosat Validation and Calibration Experiment (CryoVEx).
The three three ice caps were the best candidates from their areas. The DIC because of
the data supporting our study available, the FIIC for its topography and the AIC for its large
size and multitude of past field campaigns. Other ice caps such as the ice caps on the Russian
Arctic islands of Novaya Zemliya, Severniya Zemliya and Franz Josef Land could had been
chosen as targets for closer study. They were not included in this study because of the lack of
previous elevation change studies and the limited access to the data collected during past field
campaigns.
Table 1.1: Key characteristics of the three target ice caps
Name Abbreviation Centre Coordinates Area [km2] Volume [km3]
Devon Ice Cap DIC 75 N 82 W 13700 3980
Flade Isblink Ice Cap FIIC 81 N 16 W 8500 Not available
Austfonna Ice Cap AIC 79 N 24 E 8100 1900
1.4.1 Devon Ice Cap
DIC is a large ice cap on Devon Island in Nunavut, Arctic Canada, at 75oN and 82oW . Covering
an area of 13700 km2, the DIC is one of the largest ice caps on Earth. The DIC consists of
an 11700 km2 dome-shaped main ice cap and a 2000 km2 western arm that is stagnant and
dynamically separate (Dowdeswell et al., 2004). The main ice cap has a maximum elevation
of 1921 m and a maximum ice thickness of 880 m. The volume of the DIC is estimated to be
3980 km3 , which corresponds to about 10 mm of the global sea level rise potential.
There have been several studies on the mass balance of DIC. Accumulation rates have been
obtained from ice cores for example by Koerner (1977), Mair et al. (2005) and Colgan et al.
(2008). The Geological Survey of Canada has maintained a DIC surface mass balance stake
measurement network since 1961. Many studies have also utilized extrapolated weather data
and remote sensed ice velocity fields (e.g. Shepherd et al. (2007) and Burgess & Sharp (2008)).
Abdalati et al. (2004) used repeat airborne altimetry and estimated the surface elevation change
of DIC during 1995-2000. Although there is some disagreement about the absolute rate, all of
14
past studies agree that the DIC has been losing mass and contributing to global sea level rise
in recent decades.
Map of the DIC by Burgess & Sharp (2008), showing locations and the extent of past
studies, is presented in Figure 1.3. The sparseness and limited coverage of measurements of
the DIC is striking: for example, the western arm has been excluded from past surface mass
balance studies. This underlines the need for efficient satellite altimeter studies of ice caps, a
task undertaken by this thesis.
Figure 1.3: Map of Devon Ice Cap from Colgan et al. (2008) showing locations and extent
of past studies. Black lines are NASA altimetry flight lines (Abdalati et al., 2004). Contour
spacing is 100 m with the 1200 m contour highlighted with a dashed line. Squares and circles
are shallow firn cores by Mair et al. (2005) and Colgan & Sharp (2008), respectively.
1.4.2 Flade Isblink Ice Cap
FIIC is a large ice cap in North East Greenland. Covering 8500 km2, it is the largest ice cap
in Greenland separate from the continental ice sheet (Kelly & Lowell, 2009). The aptly named
FIIC (“flade” stands for flat in Danish language) is characterized by low surface slopes in its
north-east part. The south-west part, which overlays the Princess Elisabeth Alps has steeper
slopes as well as some nunataks (exposed parts of underlying mountains). The maximum
elevation of the FIIC is approximately 960 m and ice thickness close to the central summit is
535 m. It is estimated that the FIIC may be a young ice cap of only a few thousand years
of age, much like the nearby Hans Tausen icecap (Lemark, 2009). The mass balance of the
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FIIC is connected with the polynia (area of open water surrounded by sea ice) east of the ice
cap and the cold air available from the ice-covered ocean to the north and west of the ice cap
(Rasmussen, 2004).
There have been two previous studies describing surface elevation changes at the FIIC
(Krabill et al. (2000) and Pritchard et al. (2009)). Both of the studies have concentrated on the
Greenland Ice Sheet, but have also included elevation change estimates for the FIIC. Krabill
et al. (2000) conducted aircraft laser altimeter studies on Greenland for the years 1994 and
1999. Pritchard et al. (2009) included the FIIC in their study of Greenland ice sheet elevation
change using ICESat measurements during 2003-2008. Both studies agreed that the western
half of the FIIC was thickening at the rate of about 50 cm/a, whereas some areas near the
eastern margin were thinning.
FIIC was chosen as a target ice cap because of the large elevation change signal reported
by Krabill et al. (2000) and Pritchard et al. (2009). The flat topography suitable for satellite
altimetry also made the FIIC an interesting target area, and a high precision DEM by Palmer
et al. (2010) was available. In comparison to the two other target ice caps, the FIIC is relatively
little studied: for example there are no reliable estimates of its volume due to the lack of
extensive ice thickness measurements. The echo sounding campaign of 2006 covered only a
small fraction of the FIIC.
1.4.3 Austfonna Ice Cap
AIC is an ice cap in Nordaustlandet (“North-East -land”) in the Svalbard archipelago, Norway.
With a volume of 1900 km3 and an area of 8105 km2 (Dowdeswell, 1986), the AIC is the
fourth largest ice cap on Earth and the largest on Svalbard. AIC has been subject to keen
scientific study during the past decades. Extensive research on its mass balance using ice cores
was performed by Pinglot et al. (2001). According to this study, annual accumulation of snow
on AIC is 0.25% of its total mass. Such a high level of turnover renders studies of the ice
cap mass balance problematic, because there is considerable natural variability at seasonal and
inter-annual time scales.
According to an assessment (Hagen et al., 2003) of glaciological records the estimated mass of
AIC did not change significantly between 1963 and 1997. However, a series of more recent, short-
period surveys have reached markedly different conclusions. Repeat aircraft laser altimeter
measurements (Bamber et al., 2004) have shown that the central accumulation area thickened
significantly between 1996 and 2002. Bamber et al. (2004) suggested this to be due to a decline
of sea ice in the adjacent Barents Sea. Bevan et al. (2007) surveyed the ice cap mass budget
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during the 1990s. Based on satellite-derived velocities, they detected an overall mass gain of
the ice cap. However, studies of mass balance of AIC by Dowdeswell et al. (2008) and Moholdt
et al. (2010a) found a negative mass change rate since the year 2000.
The main motivation for choosing AIC as one of the target areas was this large variation
of its past mass balance estimates. If all the past estimates of the AIC mass balance are valid,





This chapter presents altimeter systems that measure surface elevation. Basic altimeter op-
erating principles, surface tracking and retracking procedures, necessary corrections and the
difference between radar and laser altimeter systems are explained. Finally, a brief history of
satellite altimeters is included.
2.1 Basics of Altimeter Remote Sensing
An altimeter is a remote sensing instrument that measures surface elevation. The operating
principle of an altimeter is shown in Figure 2.1. Altimeters send an electromagnetic (EM) pulse
towards the target and measure the time it takes the pulse to complete the distance to the
target and back. With the instrument’s position and attitude known, as well as the speed of
the EM pulse in media between instrument and target, the two-way travel time can be used to
determine the elevation of the target. In other words, altimeters are vertical radars or lidars,
depending on the operating frequency.





Here v is the speed of EM radiation and t is the two-way travel time of the signal and ǫ
is the permittivity. Surface elevation h, is calculated as the difference of measured range and
satellite altitude a:
h = a− r (2.2)
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Surface elevation h is in relation to the reference ellipsoid used for determining satellite



























Figure 2.1: Altimeter measurement principle
The size of the altimeter footprint depends on the technical properties of the instrument.
A typical footprint on the Earth’s surface varies from tens of meters to tens of kilometers in
diameter. Thus a single altimeter measurement gives the surface elevation of a point falling
inside the footprint of the altimeter. There often is considerable ambiguity as to the exact
location of this point. A time series of elevation measurements reveals possible elevation changes
of the target surface, given that the magnitude of change is larger than the precision of the
instrument.
Altimeters, like all remote sensing instruments, can be divided in two groups based on the
part of EM spectrum they utilise. Altimeters using radio frequency (RF) signals (wavelengths
from 1 mm to 100 km) are commonly referred to as radar altimeters. These are discussed
in more detail in Section 2.4. Similarly, altimeters using optical wavelengths are referred to
as laser altimeters or LIDARs (see Section 2.5). Both types of altimeters can be used for a
variety of applications. Many types of media appear opaque to optical wavelengths but are
transparent to RF. Where satellite remote sensing is concerned, an important example of such
media are clouds. Because an RF signal will penetrate clouds, radar altimeters can measure
surface elevations in cloudy conditions. In the presence of thick clouds, laser altimeters can
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only measure the height of the upper surface of clouds, and provide no information of Earth’s
surface.
2.2 Surface Tracking and Retracking
Initial coarse range processing is done on-board the satellite. An altimeter will have an on-board
waveform tracker. This is a system that will adjust the location of the range window, trying
to keep the waveform (power received by the altimeter as a function of time) centered on the
tracking point. In some applications it is enough to use the coarse delay information from the
tracking loop to estimate range, and thus elevation, of the target. However, when measuring
topographical targets such as land ice, the on-board tracker often fails to keep the waveform
centered. If the waveform moves outside the range window, the altimeter loses lock and is not
able to measure elevations until lock is regained. If the waveform is offset from the tracking
point and a high accuracy is called for, it is necessary to apply a range estimate refinement
procedure known as waveform retracking (Martin et al., 1983).
Figure 2.2 shows a simplified example of a typical altimeter waveform. As with most remote
sensing techniques, single measurements are seldom used: the retracked waveforms are averages
of tens or hundreds of altimeter measurements.
A retracking algorithm fits a mathematical model to the waveform, and using this model
calculates the range representing the target surface. Especially with land surface targets, the
waveform is usually not centered in the retracking window, but offset by a number of range
bins. At its simplest, a retracking algorithm would represent the surface by choosing the first
range bin with power above a certain threshold. This approach, however, is very sensitive to
speckle and noise, and thus prone to errors.
A more sophisticated and widely used method is known as offset center of gravity (OCOG)
retracking, first suggested by Wingham et al. (1986). The OCOG approach fits a rectangular
box to a waveform (see figure 2.2). Both the amplitude and the centre of gravity of this box are
calculated. Fractions (e.g. 25%, 50% and 75% as discussed by Bamber (1994)) of the amplitude
will then be employed as leading edge thresholds to extract the retracked range. A version of
OCOG is also used in tracking RA-2 (see Section 2.4.1) waveforms (Soussi & Femenias, 2006),
which is of particular importance here, since RA-2 data retracked with an OCOG type retracker
called “ICE-1” is used in this work.
Another method attempts to recognize the leading edge ramp of the waveform, and extract a
parameter that specifies the center of this ramp. This method, known as β parameter retracking,
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was used by Martin et al. (1983) on Seasat waveforms from ice sheets. In addition to the OCOG
tracker mentioned above, RA-2 waveforms are also retracked using the ICE-2 retracker, which
is a β parameter retracker. The ICE-2 retracking of RA-2 waveforms is performed for all target
surfaces. Thus the choice of which retracker to use is left to the user. In the work at hand,
the ICE-1 retracker was chosen. This choice was made because the ICE-2 is optimized for
large flat ice sheets (Soussi & Femenias, 2006) and thus does not necessarily perform well with
topographic surfaces like the ice caps. However, the use of the ICE-2 is a configurable option
in the UCL altimeter processing software and thus ICE-2 could have been used.
A sketch example of ICE-2 retracking applied on a simplified waveform is shown in Figure
2.3. The ICE-2 consists of detecting the waveform edge, fitting an error function (erf) to the
leading edge and an exponential decrease to the trailing edge. The main outputs of ICE-2 (see
Figure 2.3) are the Leading edge amplitude (LeBs), the Range corrected for the instrument
mistracking, the Leading edge width (LeW), the trailing edge slope (TE) and the Backscatter
coefficient (Bs) corresponding to the waveform integration (Legresy et al., 2005). The most
important output of ICE-2 for elevation measurements is the range correction, but the other
outputs can also be used for various applications (e.g. Lacroix et al. (2008)).
In theory, an ideal smooth level target, such as the surface of an ice cap, will produce a
gaussian waveform. For this reason some retrackers fit a gaussian function to the waveform.
This is the case with the ICESat GLAS (see Section 2.5.1) retracker: a gaussian function is
fitted (with least squares fit) to the measured waveform and the centroid of the fitted function
















Figure 2.2: A sketch representation of an example waveform with OCOG retracking variables
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2.3 Corrections for Altimeter Measurements
There are several variables that have effect on the range, and therefore surface elevation mea-
sured by a satellite altimeter. To achieve the best possible accuracy, the effect of these variables
must be compensated for.
2.3.1 Satellite Orbit
An altimeter is only able to measure the range r between the target and the altimeter itself (see
Figure 2.1. Any uncertainty in satellite elevation (also known as radial uncertainty) will carry
to altimeter elevation measurement making the radial uncertainty a major error source. In fact
the radial uncertainty has been the largest error source in recovering sea surface height or ice
sheet elevation from ERS altimeter measurements (Scharroo, 2002). Uncertainties in satellite
orbits result from uncertainties in Earth gravity models. Gravity anomalies of the Earth, as well
as the gravity of the sun and the moon, affect the orbit of any satellite. At the high altitudes
where EO satellites usually fly, air drag is low but at the same time highly variable and hard
to predict. Both gravity and air drag have an effect on the orbit.
Modern satellites measure their location with different positioning systems, such as Global
Positioning System (GPS) (used by ICESat (Zwally et al., 2002)) and Doppler Orbitography
and Radiopositioning Integrated by Satellite (DORIS) system (used by EnviSAT (Willis et al.,
2006)). In addition to GPS and DORIS, satellite orbit can be monitored by laser ranging from
the ground (e.g. Wingham et al. (2006)). Used in tandem, these systems allow the radial
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Figure 2.3: A sketch representation of an example waveform with ICE-2 retracking outputs and
fitted function (red)
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still one of the major components of the surface elevation measurement error budget.
In addition to the radial component, the cross-track and along-track offsets of the orbit may
also have an effect on the altimeter measurement. The actual orbit of a satellite is never the
exact nominal orbit but a cross-track offset is present. For EnviSAT, before the orbit change
in 2010, the target was to keep actual ground track within 1 km distance from the nominal
ground track. This was achieved 94% of the time as reported by Bargellini et al. (2006). If the
target geometry is not flat but there is a slope present, the altimeter measures the elevation of
“wrong” position on Earth’s surface due to the orbit uncertainty. With the DORIS system the
position of a satellite can be tracked with uncertainties of few tens of centimetres in along-track
and cross-track directions (Tavernier et al., 2003). The error due to this uncertainty is thus
negligible for the relatively flat surfaces relevant for this thesis.
2.3.2 Instrument Attitude
Even the most stable satellites oscillate for various reasons. For example, satellites carrying
adjustable solar panel arrays, like ICESat (see subsection 2.5.1), will oscillate due to solar array
motions. In case of ICESat, these oscillations produced tens of meters of cross-track motion of
the laser spot on the Earth’s surface (Schutz et al., 2005). A common way to measure satellite
attitude is to use star trackers. These instruments record the stars visible to the satellite,
and compare them to known star atlases to determine instrument attitude (Liebe, 1995). Star
tracker systems are complemented by gyroscope attitude control systems. For example, the
pointing uncertainty of GLAS onboard ICESat (which utilized both star trackers and gyroscope
attitude control) was less than 2 arcseconds, resulting into a geolocation uncertainty of less than
6 m (Schutz et al., 2005).
When measuring sloping surfaces, this instrument pointing error will transform into an
elevation error. This is due to instument measuring an elevation of the “wrong” location on
the Earth’s surface. Again using ICESat as an example, an uncertainty of one arcsecond in
pointing an instrument at 600 km altitude will result in 5 cm error in inferred elevation, if the
target surface slope is 1o (Schutz et al., 2005). This is an order of magnitude larger source
of uncertainty than what is introduced bu the cross-track and along-track orbit uncertainties
discussed in subsection 2.3.1.
2.3.3 Atmospheric Delay
In altimeter measurements it is essential to know the speed of signal in the media between the
target and the instrument. Whereas the speed of EM radiation in a vacuum, c (speed of light),
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is a constant of exactly 299792458 m/s (SI Brochure, 2006) this is not the case for the speed
of light in the atmosphere v. The speed of EM radiation in a dielectric medium is a function
of the complex permittivity. Permittivity in turn is a function of the electric polarisability.
Thus v depends on both the frequency of the EM radiation and the density of charged particles
(electrons and ions) and dipoles in air. This is of particular importance to satellite altimeter
remote sensing: as the signal travels through the atmosphere, any ambiguity in v will carry
over to the elevation measurement.
The typical electric dipole in the atmosphere is the water molecule. Variable water quantities
in the troposphere can contribute errors of up to 45 cm to the radar altimeter measurement
(Keihm et al., 1995). Therefore a correction for the delay induced by water, or wet atmosphere
correction, has to be included in altimeter measurements. Water content in the atmosphere
needed for this correction can be estimated from passive microwave data (Keihm et al., 1995).
Ideally the wet atmosphere correction is derived from a radiometer flying with the same satellite
as the altimeter, like the ENVISAT-1 Microwave Radiometer (MWR) (Resti et al., 1999a) or
the TOPEX/Poseidon Microwave Radiometer (TMR) (Keihm et al., 1995).
Other gas molecules in the atmosphere also have an effect on the path delay of an altimeter
signal. This component is usually referred to as dry atmosphere correction. The magnitude of
the dry atmosphere correction is large – more than two metres. However, its temporal variation
is small, of the order of a few centimetres. Dry atmospheric correction can be estimated by
the Saastamoinen formula, the only variables needed being latitude and sea level pressure
(Saastamoinen, 1971). Pressure and other atmospheric variables for altimeter corrections are
often estimated from different atmosphere models (e.g. Resti et al. (1999a) and Wingham et al.
(2006)).
The free electrons in the ionosphere also will have an effect on the v of altimeter signal. As
the ionospheric delay is frequency-dependent, difference in the delays of two different frequency
pulses can be exploited in estimating the ionospheric range correction. This is one of the main
reasons why most modern satellite altimeters have two channels. Magnitude of the ionospheric
correction is from a few millimeters to 40 cm (Scharroo, 2002). If dual frequency measurements
are not available, the ionospheric correction can also be derived from the DORIS network (this
is the case for example with EnviSAT (Soussi & Femenias, 2006)) or from different models (e.g.
CryoSat, (Wingham et al., 2006)). The uncertainty of the ionospheric correction is a major
contributor to the uncertainty of the altimeter measurement. Scharroo (2002) estimated the
random error of the altimeter correction for the ERS-1 RA to have been 3 cm, which is of the
same magnitude as the radial uncertainty of the satellite orbit.
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2.3.4 Solid Earth Tides
The solid earth exhibits tides due to the gravity pull of the moon and the sun. Furthermore, the
variations of Earth’s rotation axis, known as polar motion, cause deformation within the Earth
surface. Both of these deformations are well known (Cartwright & Edden (1973) and Wahr
(1985), respectively) and can be compensated for in altimeter measurements. Peak-to-peak
variations in polar motion are typically 10− 20mm over a year (Wahr, 1985). The magnitude
of solid earth tides and, in consequence, the correction needed to compensate for them is ±1m
(Scharroo, 2002).
2.3.5 Waveform Saturation
If the pulse returning to the altimeter has a higher energy than expected, the detector may
saturate. Saturation results in the peak of the waveform being cut off, which will cause signifi-
cant difficulties for retracking. For instance, the OCOG retracking will not work with saturated
waveforms. Waveform saturation is a known problem with ICESat GLAS (see subsection 2.5.1)
waveforms. For saturated waveforms (waveforms of which total energy is more than the “sat-
uration threshold energy”), the standard Gaussian fit processing of GLAS is biased toward
longer ranges, leading to low elevation estimates (Fricker et al., 2005). An empirical correction
is applied to all GLAS measurements where saturation is present. The GLAS saturation cor-
rection is significant and can be more than 20 cm for bright targets such as land ice covered
by fresh snow (Fricker et al., 2005). Similar bright target possibly resulting in the saturation
of radar altimeters is the flat sea surface. Saturated waveforms can be easily recognised and
either compensated for or discarded.
2.3.6 Surface Slope
The altimeter antenna is pointed at nadir, and the diameter of a beam-limited footprint can be
of the order of tens of kilometres. The first part of the reflected echo will come from that part of
the surface within the field of view that is closest to the satellite. Over flat surfaces, the closest
point on the surface is at the nadir point (the point directly under the satellite). Over sloping
or rough terrain this is not the case. Over sloping surface the retracked range is actually slant-
range to a point offset from nadir. If an external elevation model is available, measurement can
be corrected for slant range and re-located to the real point of first return (Bamber, 1994). For
example the RA-2 data for Antarctic and Greenland ice sheets (but not for other land areas) are
corrected using surface slope models (Soussi & Femenias, 2006). The sloping surface will also
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decrease the total power received by the altimeter. Yet another separate difficulty connected
with measuring sloping surfaces is the uncertainty resulting from the instrument pointing error
on a slope (discussed in Section 2.3.2).
2.4 Radar Altimeter Systems
Radar altimeters are altimeters operating at radio and microwave frequencies. The vast majority
of satellite altimeters have been radar altimeters. The names of the frequency bands used in
this work are the ones described in IEEE Standard Letter Designations for Radar-Frequency
Bands (IEEE Frequency Bands, 2003). Frequency band names originate from military radars
in the second world war but the IEEE naming standard is in common usage in civilian radar
applications today.
A drawback of using traditional radar altimeters for ice cap observations is the instru-
ment’s relatively large ground footprint. The antenna field of view of RA-2 (introduced in
subsection 2.4.1), for example, is 1.3o in the Ku-band channel. This results in a circa 18 km
beam-limited ground footprint, although the instrument’s pulse-limited ground footprint is con-
siderably smaller (Soussi & Femenias, 2006). A simple way to limit the antenna field of view is
to increase the physical antenna size. In space instruments, upper antenna size is limited by the
mass budget and the size of the launcher payload bay. For example, the RA-2 antenna is 1.2 m
in diameter (Resti et al., 1999a). Using a higher frequency (shorter wavelength) would also lead
to a smaller footprint, but the highest practical frequency is limited by the attenuation in the
atmosphere, which increases rapidly with shortening wavelength. Furthermore, there are but
a few narrow frequency bands reserved for spaceborne altimetry above the Ku band (ITU-R
Radio Regulations, 2004)
In addition to the general error sources (see Section 2.3) there is an uncertainty source
specific to radar altimeter measurements over ice. This is the penetration of the radar signal
into the snow pack. If the snow is dry, a radar altimeter will measure an elevation below the
snow-air interface. In the case of wet snow, the instrument will measure the elevation of the
snow-air interface. A technique for estimating the amount of radar penetration is to consider
the received power. If the signal penetrates into the snow pack, part of the transmitted power
will be scattered back via volume scattering. More penetration will result in more volume
scattering, and thus more received power. When a thick dry snow pack is to be expected, as
in accumulation areas of the Antarctica, a power correction can be applied (Wingham et al.,
1998). If the power correction is not applied, the ambiguous penetration must be taken into
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account by other means when interpreting any radar altimeter measurements. Also, if intending
to measure the snow surface, it is desirable to perform measurements at times when the snow
surface is wet. This approach is used in Chapters 5 and 6. Similarly, if measuring a target
under the snow, measurements are best limited to times when the snow layer is expected to be
dry. This is the reason why Laxon et al. (2003) used only winter measurements when measuring
the thickness of sea ice.
2.4.1 EnviSAT Radar Altimeter 2
The Radar Altimeter 2 (RA-2) is a nadir-looking pulse-limited radar altimeter, based on the
heritage of the ERS-1 RA. The RA-2 utilises a main nominal frequency of 13.575 GHz (Ku-
band) to measure the elevation of the ground surface. In addition to the Ku-band channel,
the RA-2 had a 3.2 GHz (S-band) channel for the compensation of the delay caused by the
ionospheric electron density (see Section 2.3.3). The S-band channel of RA-2 stopped working
on 17 January 2008 (ESA Online News Bulletin, 2008) and ionospheric corrections have since
been based on models. The primary target of the RA-2 is sea surface topography mapping, but
the altimeter has also been shown to be capable of mapping the elevation of polar ice sheets
(Brenner et al., 2007)) and the thickness of sea ice (Laxon et al., 2003).
The RA-2 flies on board ESA’s EnviSAT satellite, launched in March 2002. From the start
of the science mission until October 2010, EnviSAT operated in a 35-day repeat cycle orbit
with a high inclination of 98o. In late 2010 EnviSAT had already exceeded its original 5-year
nominal lifetime by almost 4 years. To save on-board hydrazine, EnviSAT was lowered to a
30-day repeat cycle orbit 17 km below the original orbit and the inclination corrections were
discontinued. This leads to the extension orbit drift in inclination. At the time of writing the
RA-2 is operating normally, and is expected to do so for up to another three years (ESA Online
News Bulletin, 2010a).
All previous satellite radar altimeters (see section 2.6) suffered data dropouts over areas
with difficult terrain. To tackle this problem, RA-2 has a different tracker philosophy (Roca
et al., 2009). The surface tracking system of the RA-2 is designed to be more robust than its
predecessors, comprising an onboard autonomous resolution selection logic (RSL) (Resti et al.,
1999a). Over rough terrain (coastal zones, land and ice), where data dropouts might occur,
RSL changes the instrument into a coarser resolution mode (Resti et al., 1999a). Legresy et al.
(2005) showed that the RSL extends the use of RA-2 to areas where past altimeters have failed.
Most importantly, work of Legresy et al. (2005) suggested that RA-2 is able to measure the
surface elevation of ice caps, in addition to ice sheets. The main objective of this thesis is to
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establish the use of RA-2 for the mapping of ice cap surface elevation change.
2.5 Laser Altimeter Systems
Laser altimeters are altimeters operating at optical wavelengths. The most significant difference
(usually advantageous) of laser over radar altimeters is the small ground footprint. The footprint
of a satellite laser altimeter can be less than a hundred meters in diameter (Zwally et al., 2002),
in contrast to that of several kilometres for radar altimeters.
Forward scattering is a problem specifically for laser altimeters (for general sources of error,
see Section 2.3). In the presence of clouds or aerosols in the atmosphere, part of the signal can
be scattered. These scattered photons travel a longer path than photons that pass directly to
and from the target. Therefore the mean travel time of the return pulse is lengthened, and the
centroid of the pulse is shifted toward a later time (Duda et al., 2001). A method to avoid errors
due to forward scattering is to identify the presence of forward scattering from the waveform.
Forward scattering causes a long tail in the waveform (Fricker et al., 2005), and measurements
with such a tail can later be discarded.
Although airborne laser altimeters are widely used remote sensing instruments, there have
been only a few of them orbiting the Earth. This is due to laser altimeters being electrically
and mechanically more complicated than radar altimeters, making the space environment par-
ticularly harsh for them (Ott et al., 2006). However, satellite altimetry has been widely used in
measuring the surface topography of celestial bodies like the moon (Kaula et al., 1974), Mars
(Smith et al., 1998) and Mercury (Zuber et al., 2008), as well as the asteroids Eros (Cole et al.,
2001) and Itokawa (Mukai et al., 2007). In addition to general topography, the Mars Orbiter
Laser Altimeter (MOLA) has succesfully measured surface elevation changes due to the annual
cycle of snow on Mars (Smith et al., 2001) – a feat curiously close to the topic of this thesis,
albeit on a different planet.
2.5.1 ICESat Geoscience Laser Altimeter System
The Geoscience Laser Altimeter System (GLAS) was a beam-limited laser altimeter flying on
board NASA’s ICESat. The main objective of ICESat was to measure the elevation changes of
the Greenland and Antarctic ice sheets. ICESat also monitored cloud height and structure, sea
ice roughness, sea ice thickness and ocean surface elevation (Zwally et al., 2002). ICESat was
launched in January 2003 into a 600 km orbit with a high inclination of 94o, making it the first
satellite to carry a laser altimeter in a polar orbit around the Earth.
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GLAS consisted of three separate lasers and was originally planned to operate continuously
for three to five years. Sadly, laser 1 failed after only 37 days of operation (Schutz et al., 2005).
Fearing a similar failure for lasers 2 and 3, measurements were limited to three operation periods
of approximately 30 days per year (Schutz et al., 2005). The ICESat was put into a 91-day
repeat orbit in October 2003. Each 30 day operation period corresponds to approximately 35%
of one repeat orbit cycle. From spring 2003 to fall 2009, ICESat completed 17 such operation
periods: one every spring and fall, as well as three additional summer periods (years 2004, 2005,
and 2006). ICESat ended its science mission in February 2010 with the failure of the last of its
three lasers. The spacecraft was successfully decommissioned from operations 14 August 2010
and debris from the ICESat spacecraft fell into the Barents Sea on 30 August 2010. GLAS
level-1B elevation data is available free of charge online from the National Snow and Ice Data
Center (NSIDC) (NSIDC GLAS data page, 2011).
Single shot error of a GLAS measurement was estimated pre-launch to be about 14 cm
(Zwally et al., 2002). Shuman et al. (2006) presented repeat track and crossover analysis of
GLAS/ICESat L2 Antarctic and Greenland Ice Sheet Altimetry Data (GLA12). They showed
these elevation data to have a relative accuracy of ±13.8 cm and a precision of just over 2 cm,
satisfying the pre-launch estimate. The role of GLAS data in this work is to validate the RA-2
derived elevation change estimates in Chapter 4. GLAS data is also used to assess the elevation
change of FIIC in Chapter 5.
2.6 Brief History of Spaceborne Altimeters
Both radar and laser altimeters have measured the topography of the Earth from space. The
first satellite altimeter in orbit was S-193, flying with the NASA’s Skylab space station launched
in 1973 (Figure 2.4). S-193 was a microwave Earth observing system that consisted of active
and passive instruments. One of the parts of S-193 was a simple radar altimeter operating at
13.9 GHz nominal frequency. S-193 had two major shortcomings: it could be operated for only
short periods at a time, and it needed an astronaut to operate the system. Its measurements
were thus limited to the reasonably short periods when Skylab was manned. The biggest feat
of the S-193 was to conduct nearly continuous radar altimeter measurements for one revolution
around the world (on 31 January 1974). S-193 was a groundbreaking experiment in many ways:
it demonstrated satellite altimeters to be technologically feasible, and it provided a dataset for
geodesic and oceanography research. (McGoogan et al., 1974)
The first satellite altimeter mapping land ice was the GEOS-3 altimeter. This was a Ku-
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band radar altimeter designed to demonstrate the capability for directly measuring or inferring
geodetic, oceanographic and geophysical parameters (Stanley, 1979). The GEOS-3 satellite was
launched in April 1975 and ended its mission in December 1978. The main objective of GEOS-3
was the mapping of ocean geoids, and it was not anticipated that the altimeter would maintain
lock over topographical terrain. Happily GEOS-3 proved to provide valuable measurements
on land surfaces too: it was the first satellite altimeter to map the elevation profiles of the
Greenland Ice Sheet. Encouraged by the success of the GEOS-3 on Greenland, Brooks et al.
(1978) suggested that a satellite altimeter mission designed to measure land ice be placed in
polar orbit. This mission was realised 13 years later, in 1991, with the launch of the European
Remote Sensing satellite (ERS-1) carrying the Radar Altimeter.
There have been several satellites carrying radar altimeters since S-193 and GEOS-3. Seasat
(Figure 2.5), launched in 1978, was a short-lived satellite (105 days of glory). It carried a Ku-
band radar altimeter, largely built on the design of S-193 and GEOS-3, but with unprecedented
accuracy of better than 10 cm (MacArthur, 1976). Seasat altimeter, like its more modern
successors Geosat (McConathy & Kilgus, 1987), TOPEX (Fu et al., 1994), Jason-1 (Menard
et al., 2000) and Jason-2 (Bannoura et al., 2005), was designed to measure the world’s oceans.
For this reason it flew at a reasonably low inclination orbit of 66o, not reaching most of the
land ice on Earth. Satellites in low inclination orbits are generally of limited use for cryospheric
research. Seasat and Geosat both reached latitudes up to 72o, and thus did measure southern
parts of Greenland and part of the East Antarctic Ice Sheet. Combined dataset from Seasat
and Geosat satellite altimeters has been used to determine land ice elevation changes of these
areas (Zwally et al. (1989) and Davis et al. (2001)).
The ERS-1 was the European Space Agency’s first Earth-observing satellite. It was launched
on 12 July 1991 into a sun synchronous polar orbit at a height of 780 km. ERS-1 failed on
March 10, 2000, far exceeding its expected lifespan. The successor of ERS-1, ERS-2, was
launched on 21 April 1995. ERS-2 is still operational, despite many of the satellite’s hardware
systems (most notably the attitude control gyroscopes and the on-board tape recorder) having
failed. Both ERS satellites carried an array of Earth observation instruments, among them a
radar altimeter (RA). These are single frequency nadir-pointing radar altimeters operating in
the Ku-band. ERS-2, like its predecessor, is flying in a high inclination orbit of 98.2o. The high
inclination allowed RAs on board the ERS satellites to map surface elevation changes of Arctic
and Antarctic land ice. These studies are discussed in more detail in Section 3.2
The space shuttle has carried a laser altimeter on two missions: the Shuttle Laser Altimeter
(SLA) and Shuttle Laser Altimeter 2 (SLA-2) missions on board flights STS-72 in 1996 and
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Figure 2.4: Saturn V liftoff from Kennedy Space Center on May 14:th 1973. The payload is the
Skylab space station, including the first ever spaceborne altimeter to measure Earth (S-193)
Photo: NASA
Figure 2.5: The Seasat spacecraft Photo: NASA/JPL
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STS-85 in 1997, respectively (Garvin et al., 1998). Like all space shuttle missions, STS-72 and
STS-85 flew on a relatively low inclination orbit, and the SLA data has little value for mapping
land ice. However, the SLA experiments laid the groundwork for GLAS, which is one of the
two instruments utilised in this study. A summary of satellite altimeter missions is presented
in table 2.1.
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Table 2.1: Summary of satellite altimeter missions
Satellite Agency Altimeter Launch End of operation Frequency Inclination Remarks
Skylab NASA S-193 1973 1979 Ku 50o First one
GEOS-3 NASA ALT 1974 1978 Ku 115o First to measure land ice
SEASAT NASA ALT 1978 1978 Ku 108o Only 105 days
GEOSAT US Navy 1985 1990 Ku 108o
GEOIK series Soviet Union / Russia GEOIK 1985 1995 X 73.6o
ERS-1 ESA RA 1991 2000 Ku 98.5o
Topex-Poseidon NASA / CNES Topex, Poseidon-1 1992 2005 Ku 66o
ERS-2 ESA RA 1995 - Ku 98.5o
GFO US Navy / NOAA GFO-RA 1995 2008 Ku 108o
Jason-1 CNES / NASA Poseidon-2 2001 - Ku, C 66o
EnviSAT ESA RA-2 2002 - Ku, S 98.5o S band lost in 2008
ICESat NASA GLAS 2003 2009 1064 and 532 nm 94o Laser
Cryosat ESA SIRAL 2007 2007 Ku 98.5o Lost in launch
Jason-2 CNES / NASA / Poseidon-3 2008 - Ku, C 66o
Eumetsat / NOAA
Cryosat-2 ESA SIRAL 2010 - Ku 98.5o SAR / SARIn modes
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Chapter 3
Surface Elevation Change and
Mass Balance of Land Ice
This chapter presents methods for assessing land ice (including ice sheets, ice caps and glaciers)
surface elevation and mass changes. First, non-altimeter techniques to assess mass balance
are briefly presented. After this, different methods for deriving surface elevation change from
altimeter data are explained. The two final sections are a review of past studies of land ice
surface elevation change using satellite altimeters.
3.1 Non-Altimeter Methods for Measuring Ice Cap Mass
Balance
3.1.1 Direct Measurements
There are several methods for measuring both net accumulation and ablation of a glacier. The
simplest method of measuring net accumulation is to fix a stake to the glacier surface. The
stake will give a reference level when the surface level is recorded at a later date. The challenge
of stake measurements in the accumulation area is that stakes tend to sink down into the firn.
Various pieces of equipment have been tried to support the stakes to minimize sinking: wooden
plugs in aluminum poles, pieces of plywood, plastic bottles and even beer cans (Ostrem &
Haakensen, 1999).
If the net surface mass balance is expected to be positive, the reference level can be marked
by other means. On his South Pole expedition, Scott (1913) scattered oats on snow surface for
a later measurement of snow accumulation. Unfortunately, upon their return to the site, the
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expedition could not find the oats, thus providing a splendid example of the shortcomings of a
marker that will be covered completely by snow. Stakes fixed into the ice can also be used to
measure negative surface mass balance in ablation areas. A free-sliding horizontal arm is fixed
to two stationary stakes and placed on the ice surface. The vertical displacement due to ablation
is measured at a later time (Lewkowicz, 1985). Such ablation measurements will require two
visits to the field site for one measurement, but can be used to measure other timespans than full
years. Overall, in-situ measurements of surface mass balance are work-intensive and therefore
costly.
Net accumulation in the accumulation area can measured by identifying annual layers in a
firn sample. These layers can be characterized by changes in grain size or density. A dirt layer
representing summer ablation may also be present. Sometimes radioactive layers resulting from
human activities (e.g. nuclear tests or the Chernobyl accident) are present and can be utilised
(Pinglot et al., 2001). Reference layers resulting from known volcanic eruptions (Brandt et al.,
2005) as well as layers of high algae cell consentration (interpreted as annual summer layers)
have been used (Kohshima et al., 2007). Completely artificial markers, like the oats used by
Scott (1913), can also be used. The thickness of each layer multiplied by average density of the
snow corresponds to mean snow accumulation during the identified period. If annual layers are
resolved and identified, net accumulation estimates for individual years can be obtained from a
single firn core. If the net accumulation is negative (measurement is made in the ablation zone),
no new annual layers are generated and the current net mass balance cannot be measured by
coring.
Ground penetrating radar (GPR) provides yet another method to assess net accumulation.
A GPR is a low frequency (usually UHF or VHF band) radar with a signal that penetrates
into the snow pack. A GPR mounted on a sleigh can be used to obtain radar measurement
transects of the accumulation area. Internal reflection horizons visible in the radar echo can
be interpreted as previous summer surfaces (Kohler et al., 1997). GPR measurements are less
work-intensive than coring. However, the dielectric properties of the snow vary, which affects
the speed of the radar signal passing through snow pack. Therefore some coring is still needed
to calibrate the GPR. GPR is one of the standard techniques to measure snow accumulation
on glaciers today (Woodward & Burke, 2007).
3.1.2 Surface Flow Measurements
If ice velocity and thickess are known, the dynamic factor of the glacier mass balance can be
inferred. In practice, only the surface velocity of ice can be measured, and the internal velocity
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has to be estimated from surface velocities. The surface flow of an ice cap can be remotely
measured using two fundamentally different techniques. The simpler of these is called feature
tracking. The key idea of feature tracking is to recognize features on ice cap surface in images
from two different datum. Observed difference in feature’s position can be used to determine
the glacier surface velocity (Lucchitta & Ferguson, 1986). Feature tracking of glacier flow has
been shown to be effective with optical data (Lucchitta & Ferguson, 1986) as well as Synthetic
Aperture Radar (SAR) amplitude and phase images (Strozzi et al., 2002). A more complicated
way to measure ice flow from space is by an interferometric synthetic aperture radar (InSAR)
(used for example by Palmer et al. (2010)), which is discussed in subsection 3.1.3. Ice velocity
can also be measured in situ by placing Global Positioning System (GPS) receivers on the ice.
3.1.3 Elevation Measurements
Before the satellite era, surface elevations had to be measured either terrestrially or with air-
borne studies. Traditional terrestrial methods include combined angle and distance measure-
ments, as well as optical levelling. These are very work-intensive by nature, and thus poorly
suited for large scale studies of ice caps spanning thousands of square kilometers.
Airborne stereophotogrammetry is a technique well suited to mapping elevations of large
areas (Kaab, 2005). It is possible to identify common features in two overlapping photographs
taken from different locations. Elevation of these features can be determined by triangulating
the lines of sight from the camera to the target. Stereophotogrammetry is not limited to airborne
studies; satellite instruments with forward- and backward-looking channels can be used as
well. The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) is an
instrument currently flying with NASA’s Terra satellite. ASTER has forward- and backward-
looking channels, and thus ASTER images can be used to obtain digital elevation models
(DEMs) (Reuter et al., 2009). Unfortunately recognizing features on white flat ice caps in
ASTER imaginery is challenging. Combined with problems in cloud masking, this renders
ASTER DEM’s of poor quality over this study’s targets of interest.
Elevation models of ice caps and glaciers (as well as any other kind of terrain) can also be ac-
quired with interferometric synthetic aperture radar (InSAR). The basis of the InSAR techique
is a radar image pair of the same target from slightly different positions. Phase information of
the two images is interferred producing a phase difference map or an interferogram. The phase
difference is a function of target displacement and relative topography. If more than two radar
images are available, the topography is separable from the surface displacement field (Kwok &
Fahnestock, 1996). The relative elevations from InSAR can be tied to absolute elevations using
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points of known absolute elevation (also known as ground control points or GCPs). In addition
to the DEM, InSAR also produces the velocity field of the target.
The Shuttle Radar Topography Mission (SRTM) created an extensive DEM of Earth surface
using an interferometric radar system flying onboard the space shuttle Endeavour in 2000.
SRTM utilised a radar with two antennas 60 m apart to acquire two radar images. Thus the
SRTM was a special case of InSAR radar, with two antennas acquiring images simultaneously.
Simultaneous acquisition eliminates the displacement field and thus only the topographic signal
is present in the interferogram. Endeavour flew at an orbit with an inclination of 57 degrees.
This allowed SRTM’s radar to cover the part of Earth’s surface lying between 60o north and 56o
south of latitude (Rabus et al., 2003). Most of the Earth’s land ice bodies lie at higher latitudes
than those covered by SRTM, and thus the SRTM DEM has only limited use in ice research.
However, (Sauber et al., 2005) employed SRTM to study the elevation change of Malaspina
glacier in southeastern Alaska (see Section 3.4).
Finally, land ice surface elevations can also be measured with the Global Positioning System
(GPS). This is an in-situ technique utilizing navigational satellite system. A GPS receiver is
mounted on a sleigh (or other moving platform) and dragged over the target. Accuracy of surface
elevation measurements of Arctic glaciers can be as good as 10 cm when using differential GPS
(DGPS) enhancement (Eiken et al., 1997), which utilises a reference GPS receiver at a well-
known location.
If DEM’s from different epochs in time are available, they can be used to assess the elevation
change and thus the mass balance of an ice cap. This technique is called DEM differencing. The
DEMs can be either in-situ measured or remote sensed. Point measurements from an altimeter
can also be compared to a DEM, resulting in point elevation change information (Kaab, 2005).
It is crucial to note that mass changes can be inferred from elevation change only when the
density of firn is known. Variance of firn density is recognized as one of the major causes of
uncertainty in measuring land ice mass balance with altimeters (Wingham, 2000).
3.2 Surface Elevation Change Retrieval from Altimeter
Data
Satellite altimeter data can be used in two different ways in assessing the elevation change
of the target. Elevation measured at an earlier date by other means can be subtracted from
satellite altimeter measured elevations, which will result in net elevation change between the two
measurements. The advantage of this approach is that it yields an estimate of mean elevation
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change over periods longer than the relatively short lifespans of satellite missions. The downside
is that the accuracy of the elevation change estimate is dependent on the accuracy of both
measurements, and not only the precision of the satellite instrument.
To obtain the best results, both the DEM and the later elevation measurement should
be made using similar methods. For example, laser altimeter data should ideally only be
compared to DEMs based on laser altimeter measurements. Subtracting a DEM based on
radar measurements (such as SRTM) from elevation measured by GLAS will introduce an
uncertainty due to radar penetration into snow. In practice this has been done, because of the
scarcity of laser altimeter derived DEMs. For example Sauber et al. (2005) and Nuth et al.
(2010) have compared GLAS measurements to historic DEMs. Their results will be discussed
further in Section 3.4.
Another way of estimating the surface elevation change of a target from satellite altimetry is
to create a time series of elevation measurements from just one instrument. In addition to the
mean elevation change, this method allows one to reconstruct the surface elevation development
during the observation period. Precisely this approach is used in this thesis (Chapters 4, 5 and
6).
When surface elevation has been determined by waveform retracking (see Section 2.2) and
all the necessary corrections (see Section 2.3) have been applied, altimeter measurements can
be used for elevation change analysis in the two manners discussed above. Because of the
difference in footprint size, slightly different approaches have been used for laser and radar
altimeters. The most common elevation change retrieval methods are mentioned in Sections
3.2.1 and 3.2.2. Results from applying these methods to map the elevation change of land ice
bodies are presented in Sections 3.3 and 3.4.
3.2.1 Radar Altimeter Methods
Before my work on the DIC presented in Chapter 4, traditional radar altimeters had never
been used to map elevation changes of ice caps. However, a well-established methodology to
map elevation changes of ice sheets with radar altimeters does exist, and has been in use since
the late 1980’s (Zwally et al., 1989). All land ice elevation change studies are based on the
same methodology, referred to as the dh/dt-method by Zwally et al. (1989). The dual crossover
method (a special case of dh/dt-method, using only crossovers with two pairs of tracks), was first
used by Wingham et al. (1998) to define Antarctic elevation changes from ERS-1 measurements.
The foundation of the dual crossover method is to define the change in elevation, ∆h(x, t, tref ),
in orbital crossover points x between times t and tref . The change in elevation is measured in
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two different measurement geometries (ascending vs. descending and descending vs. ascending)
and the ∆h is calculated as the average of these two:
∆h(x, t, tref ) =
[





hA and hD refer to elevations measured during ascending and descending passes, respectively.
The reason for using dual crossovers instead of single crossovers is to remove the possible

























h(t,tref) = 0 
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B
Figure 3.1: Schematic presentation of the dual crossover method when polarization dependent
radar penetration bias is present (signal penetrates deeper into the target when the measurement
is made during descending pass). A) No elevation change (∆h(x, t, tref ) = 0). B) Surface
lowering (∆h(x, t, tref ) < 0). Black color denotes the orbit, measurement and the target surface
during reference time tref and purple colour during t.
The dual crossover method is used in this work and discussed further in Sections 4.3.1 and
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5.3.2. The development of radar altimeter methodology is presented alongside its results in
Section 3.3.
3.2.2 Laser Altimeter Methods
The only satellite laser altimeter so far, that has provided surface elevation data on significant
land ice targets, has been the GLAS. A method of deriving elevation change from residuals
at crossover points (similar to the methodology of Wingham et al. (1998)) was used by Smith
et al. (2005). The crossover point method is shown in Figure 3.2 A. However, all algorithms
building on crossover residuals will only provide information on elevation change at crossover
points. To map the elevation change between the crossover points, a different approach is
needed. Unfortunately, as the satellite track cannot be controlled to exactly coincide with the
nominal orbit, there is a spacing of up to hundreds of meters in repeat ICESat ground tracks.
If the target measured is not flat, and the consequent measurements are not from the exact
same location, an error due to local topography is introduced to the elevation change estimate.
Figure 3.2: Three methods to calculate elevation changes from GLAS data by Moholdt et al.
(2010b). (A) linear interpolation of neighbour footprints to crossover pointss (dh = HA−HB),
(B) cross-track DEM projection (HDREF = HD2 + dHDEM) and linear interpolation to
compare two repeat-tracks (dh = HDREF−HCREF ), and (C) fitting least-squares regression
planes to repeat-track observations to estimate slopes and average dh/dt.
Slobbe et al. (2008) used elevations from overlapping GLAS footprint pairs to assess the
elevation change of the Greenland Ice Sheet. They used an external DEM to correct for bias
caused by the centre points of footprints not exactly coinciding. Overlapping footprints can
occur either in crossover locations (CTFP) or somewhere along track (RTFP) (see Figure 3.3).
Using overlapping footprints brings many more data points to the study than using crossovers
only.
Elevation change along-track can be estimated even when the footprints do not overlap.
Two techniques to achieve this are shown in Figure 3.2 B and C. The first one, referred to by
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Moholdt et al. (2010b) as DEM-projected repeat-tracks, needs an external DEM which is used
to compensate for the effect of topography. This is similar to the approach of Slobbe et al.
(2008). GLAS method used in this study to assess the elevation change of FIIC is also a type
of DEM-projected repeat-track algorithm, and will be discussed in detail in Section 5.3.1.
If an external DEM is not available, or if the analysis is to be kept as independent from
external data as possible, the cross-track slope can be estimated by a surface fitted to elevations
measured during repeat-tracks (see Figure 3.2 C). In the study of the Greenland and Antarctic
ice sheets, Pritchard et al. (2009) fitted a triangular plane to three elevation observations, and
used the plane as the reference for measurements falling inside this triangle. Howat et al. (2008),
Moholdt et al. (2010a) and Moholdt et al. (2010b) used rectangular reference planes determined
by least squares fitting to segments of repeat-track GLAS data. Regardless of the shape of the
plane fitted, this approach eliminates the need for an external DEM. The disadvantage of the
plane fitting method is that the potential elevation change signal between the two repeat tracks
is present in the reference plane. However, Moholdt et al. (2010b) showed that both along-
track methods discussed here yield consistent results, and agree well with the elevation changes
calculated with crossover point method.
Figure 3.3: Schematic presentation by Slobbe et al. (2008) of two kinds of overlapping footprint
pairs: Crossing Track Footprint Pairs (CTFPs) and Repeat Track Footprint Pairs (RTFPs).
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3.3 Previous Altimeter Studies of Ice Sheet Elevation Changes
Altimeters such as GLAS, RA-2 and its predecessor RA have been used in mapping elevation
change of land ice bodies. Because all of the mentioned altimeters were designed and optimized
for large ice sheets, it is not suprising that most of the published work concentrates on Greenland
and Antarctic Ice Sheets.
Target of the first satellite altimeter elevation change study was the southern part of the
Greenland Ice Sheet. Zwally (1989) used Geosat and Seasat altimeter data and arrived at an
average thickening rate of 0.23± 0.04m/a. Due to low inclination of the satellites, measurements
were only available south of 72oN . Thickening was found at all elevations of the ice sheet, both
in ablation and accumulation zones. Measured elevation change rates by Zwally (1989) are
presented in Figure 3.4.
Figure 3.4: Average Greenland Ice Sheet surface elevation changes by elevation bands by Zwally
(1989)
The RAs onboard ESA’s ERS-1 and ERS-2 satellites have been used to measure elevation
change of Antarctic ice sheet during years 1992-1996 (Wingham et al., 1998) (see Figure 3.5),
1995-2000 (Davis & Ferguson, 2004) and most recently 1992-2003 (Davis et al., 2005). All of
these studies have based their analysis on elevation change values measured at orbital crossover
points (earlier referred to as the dh/dt -method). All three studies agree on the general elevation
change pattern: the East Antarctic Ice Sheet has a small positive elevation trend, whereas the
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West Antarctic Ice Sheet has a negative one.
Figure 3.5: The change in elevation from 1992 to 1996 (expressed in cm/a) of the Antarctic Ice
Sheet by Wingham et al. (1998)
Similar studies, using data from the same altimeters and a data processing scheme based
on orbital crossover points, have also been undertaken for the Greenland Ice Sheet (Johan-
nessen et al., 2005) (see Figure 3.6). Another study combining RA data from the Greenland
and Antarctic ice sheets to estimate their contribution to global sea level rise was made by
Zwally et al. (2005). They combined ERS-1 and ERS-2 radar altimeter data from 1992-2002
to modelled firn densities (most importantly variations in density) and estimated the overall
contribution of ice sheets to be near zero at 0.05 ± 0.03 mm/a, the West Antarctic Ice Sheet
losing mass while the East Antarctic and Greenland Ice Sheets are gaining it (Zwally et al.,
2005).
ICESat GLAS measured elevations of the Greenland Ice Sheet have been compared with
earlier airborne laser altimeter elevation measurements by Thomas et al. (2006). They show
the same overall pattern of Greenland Ice Sheet elevation change as reported by Zwally et al.
(2005). Both studies agree on low altitude areas near ice sheet margins having negative elevation
trends, and high altitude areas having small positive elevation trends. The study by Thomas
et al. (2006) also shows that the GLAS data has good enough spatial resolution to measure small
areas of fast thinning, such as Jakobshavn Isbrae, Kangerlussuaq and Helheim glaciers and their
drainage areas. An even finer resolution study of southeast Greenland mass loss, using GLAS
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repeat tracks instead of orbital crossovers, was made by Howat et al. (2008). They utilised
GLAS near-repeat track elevations from different years with ASTER DEM’s to construct a
high resolution map of ice thinning in the region. They were able to pinpoint the largest
mass loss contributors to be the numerous small marine terminating glaciers, thus proving the
feasibility of GLAS repeat track analysis for mapping the elevation changes of individual outlet
glaciers of an ice sheet.
Pritchard et al. (2009) applied an along track algorithm to GLAS data to assess elevation
changes of the Greenland and Antarctic ice sheets. They utilised the plane fitting method (see
Section 3.2.2) to estimate the cross-track slope. The resolution of their elevation change rate
map of the two continental ice sheets (Figure 3.7) is much finer than that of the maps derived
from radar altimeter data. The good spatial resolution of GLAS allowed Pritchard et al. (2009)
to show that the most profound changes in the ice sheets during the GLAS period have resulted
from glacier dynamics at ocean margins. They also included some Greenland ice caps in their
study, for example FIIC, which is one of the target ice caps of the study at hand.
Smith et al. (2005) studied elevation changes of ice streams and ridges in the Ross Em-
bayment, Antarctica, using GLAS data. The large size of the Ross Embayment allowed for
usage of a large number of orbital crossover points (> 100 000 altogether). Smith et al. (2005)
Figure 3.6: Map of the Greenland Ice Sheet elevation change rates derived from ERS-1/ERS-2
satellite altimeter data, 1992-2003 by Johannessen et al. (2005)
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Figure 3.7: Rate of change of surface elevation for Antarctica and Greenland by Pritchard et al.
(2009)
first filtered available data using apparent surface reflectivity and waveform shape, disregarding
measurements that had either low surface reflectivity or non-gaussian shape. After filtering they
calculated elevation differences for each orbital crossover, and estimated the elevation changes
of 28 subregions of Ross Embayment. Each subarea was assumed to have had a constant lin-
ear elevation change rate. This assumpion and a large number of data points allowed for a
statistical error analysis, which is out of reach for smaller ice caps. Smith et al. (2005) found
significant elevation rates for their target areas, varying from 29 cm/a to −18 cm/a.
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3.4 Previous Altimeter Studies of Ice Cap and Glacier
Elevation Changes
The two RAs onboard the ERS satellites were used by Shepherd et al. (2001) to observe inland
thinning of Pine Island Glacier (PIG) – an outlet glacier of the West Antarctic Ice Sheet. Their
elevation change rate map of PIG is shown in Figure 3.8. This was the first time satellite
altimeter measurements at individual crossing points of the satellites’ ground tracks were used
to determine elevation changes. Because of using individual measurements instead of averaging
elevation differences over large areas, Shepherd et al. (2001) were able to study surface elevation
changes of smaller areas than before. They found thinning rates up to 1.6 m/a which they
attributed to glacier dynamics.
Figure 3.8: The rate of elevation change of the lower 200 km of PIG between 1992 and 1999
(colored scale) registered with a map of the ice surface speed (gray scale). The colored dots are
located at crossing points of the ERS orbit ground tracks and have an area equal to the radar
altimeter footprint. From Shepherd et al. (2001)
GLAS has also been used to investigate elevation changes of individual ice bodies smaller
than the two ice sheets. Sauber et al. (2005) investigated the ice elevations and surface change on
Malaspina glacier, Alaska, using individual GLAS measurements instead of averaging large num-
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ber of measurements. They found a thinning of five metres on the lower reaches of Malaspina
glacier, when comparing GLAS measurements from years 2003 and 2004 to the SRTM DEM
from February 2000. Work by Sauber et al. (2005) showed that GLAS data from glaciers can be
valuable, especially when there is an independent DEM available to support the analysis. The
challenge of near-repeat tracks not coinciding was tackled by differencing the ICESat along-
track measured elevations and the 2-dimensional SRTM DEM. The study shows that all of
the elevation differences of different tracks have similar long-wavelength features, and the two
tracks temporally close to each other also have similar short-wavelength features.
Nuth et al. (2010) compared GLAS elevation measurements to old topographic maps and
DEMs of the Svalbard archipelago. They were able to relate elevation changes to glacier dy-
namics, by showing that the glaciers that had surged were thickening in the ablation areas and
thinning in the accumulation areas.
The surface elevation and mass changes of Svalbard glaciers and ice caps were also investi-
gated by Moholdt et al. (2010b), using only GLAS data. Their elevation change rate map of land
ice in Svalbard is presented in Figure 3.9. Moholdt et al. (2010b) applied two different along-
track GLAS methods to assess the elevation changes. They concluded that the most glaciated
regions on Svalbard have experienced low-elevation thinning combined with high-elevation bal-
ance or thickening during the GLAS period 2003-2009. Moholdt et al. (2010b) also conpared
two different along track methods discussed in subsection 3.2.2. Finally, they estimated a total
mass loss rate of −4.3 ± 1.4 Gt/a for all the glaciers and ice caps on Svalbard. The study by
Moholdt et al. (2010b) was the first published study of the ice cap elevation changes using only
GLAS data. In the work at hand, the GLAS data is used for assessing the elevation changes of
FIIC (Chapter 5), as well as validating the RA-2 measurements on DIC (Chapter 4).
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Figure 3.9: Average 2003-2008 glacier elevation change rates (dh/dt) across Svalbard by Mo-
holdt et al. (2010b)
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Chapter 4
A Comparison of Recent
Elevation Change Estimates of
the Devon Ice Cap as Measured
by the ICESat and EnviSAT
Satellite Altimeters
This chapter describes the comparison of measurements from two satellite altimeters on Devon Ice Cap
in Arctic Canada. This chapter has been published as “A Comparison of Recent Elevation Change
Estimates of the Devon Ice Cap as Measured by the ICESat and EnviSAT Satellite Altimeters”
Authors: Rinne, E.; Shepherd, A.; Muir, A.; Wingham, D.
Appears in: IEEE Transactions on Geoscience and Remote Sensing
Digital Object Identifier: 10.1109/TGRS.2010.2096472
Date of Publication: 06 January 2011
I processed the altimeter data from GLAS level 2 and RA-2 crossover elevation differences onwards.
The RA-2 crossover processing was done by Muir. I interpreted the results and wrote the manuscript.




We have used surface elevation measurements acquired by the ICESat GLAS and EnviSAT
RA-2 satellite altimeters to assess the elevation change of the 13700 km2 Devon Ice Cap (DIC)
in Arctic Canada between 2002 and 2008. We present algorithms for retrieval of elevation
change rates over ice caps using data acquired from these satellites. A comparison of GLAS
elevation data to those acquired by the RA-2 shows reasonable agreement between the two
instruments; the root mean square elevation change difference was 56 cm and the correlation
coefficient between the two datasets was 0.68. Using only RA-2 elevation measurements, which
are spatially and temporally more continuous, we determined the elevation change rate of the
areas of the DIC where the surface geometry allows the RA-2 retracker to maintain lock. This
includes most of the DIC, excluding large parts of the eastern half of the ice cap. The elevation
change rate was found to be insignificant given a statistical estimate of the measurement error
(−0.09 ± 0.29 m/a). We also present an assesment of regional variations of DIC elevation
change, including a significant −0.71±0.49 m/a elevation change rate of the 1980 km2 western
arm. Furthermore we present evidence of a localised 2 m drop in the surface elevation of the
South Croker Bay glacier during summer 2007. This drop is apparent within both satellite
datasets and we interpret this signal to reflect a sudden speedup of the glacier.
4.2 Introduction
Traditional pulse-limited altimeters such as the Geoscience Laser Altimeter System (GLAS)
Zwally et al. (2002), the Radar Altimeter 2 (RA-2) (Resti et al., 1999a) and its predecessor the
Radar Altimeter (ERS User Handbook, 1993) have been used to map the elevation change of
land ice bodies (Slobbe et al. (2008), Smith et al. (2005), Davis & Ferguson (2004), Wingham
et al. (1998) and Howat et al. (2008)). Because these altimeters are designed and optimized
to observe flat terrain, it is not surprising that most of the published work on land ice bodies
concentrates on the Greenland and Antarctic ice sheets. Both GLAS and RA-2 however provide
global datasets and thus possibilities to map surface elevation changes of ice bodies smaller than
ice sheets. An example of such a study is the one made by Sauber et al. (2005), where changes
in the surface elevation of Malaspina Glacier were investigated using GLAS measurements.
Even though the combined ice volume in all ice caps and glaciers in the world would represent
a global sea level rise of only a few tens of centimeters, ice caps and glaciers are currently
undergoing rapid changes. It is estimated that currently the loss of mass from ice caps and
glaciers to the oceans is the largest mass contributor to global sea level rise (Meier et al., 2007).
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Therefore the main motivation for the study of ice caps lies in their value as indicators of
changing climate. The mass balance at the surface of an ice body (a glacier, an ice cap or an
ice sheet) is determined by climate, mostly by changes in precipitation and air temperature
which govern rates of accumulation and ablation. A change in climate would therefore affect
rates of snow accumulation and ablation of ice caps which, in turn, may lead to changes in their
surface elevation. The net mass balance of an ice cap is a sum of surface mass balance and
ice flow. Thus the surface elevation of an ice cap can also be affected by changes in ice flow.
Other processes such as a change in snow density will also have an effect on the ice cap surface
elevation.
The Devon Ice Cap (DIC) is a large ice cap on Devon Island in Nunavut arctic Canada at
75o N 82o W (Figure 4.1). Covering an area of 13700 km2, the DIC is one of the largest ice
caps on Earth. The DIC consists of a 11700 km2 dome-shaped main ice cap and a 2000 km2
western arm that is stagnant and dynamically-separate (Dowdeswell et al., 2004). The main
ice cap has a maximum elevation of 1921 m and maximum ice thickness of 880 m. The volume
of the DIC is estimated to be 3980 km3, which corresponds to about 10 mm of global sea level
potential (Dowdeswell et al., 2004).
Figure 4.1: Map showing the location of Devon Island and the Devon Ice Cap.
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Previous literature exists on net mass balance, surface mass balance and surface elevation
change of the DIC. Estimates of mass and volume changes of the DIC have mainly relied on
snapshots of satellite or airborne data acquired with long (annual to decadal) time intervals.
Burgess & Sharp (2008), for example, estimated the volume loss of the DIC to have been
76.8 ± 7 km3 water equivalent between the years 1960 and 1999. They used a wide range
of data, including in-situ observations of surface mass balance, snow accumulation and ice
velocity, satellite measurements of ice velocity as well as modelled estimates of iceberg calving
and melting in the ablation zone. This volume change corresponds to an average deflation rate of
1.9±0.2 km3/a w.e. Other estimates of the DIC volume loss are smaller: for example, Shepherd
et al. (2007) estimated that the DIC was losing mass at the rate of 1.08 ± 0.67 km3/a w.e.
based on InSAR measured ice velocities from year 1996, interpolated snow accumulation rates
(measured at weather stations around DIC) and modelled runoff. Mair et al. (2005) compared
net accumulation rates determined from shallow cores to modelled runoff and estimated the
DIC to have lost on average 1.6± 0.7 km3/a w.e. between 1963-2000. Although there is some
disagreement about the absolute rate, all of these studies agree that the DIC has been a net
contributor to global sea level rise over recent decades. The only previous study on the surface
elevation change of the DIC was done by Abdalati et al. (2004). Using repeat airborne altimetry,
they estimated the surface elevation change to have been near-zero or slightly negative during
1995-2000. Here, we use repeat elevation measurements acquired by the GLAS and RA-2
satellite altimeters to estimate surface elevation change between 2002 and 2008. This is the
first time the surface elevation change over most of the DIC has been resolved at monthly time
intervals.
4.3 Methodology
In this study we utilise direct surface elevation measurements from two satellite altimeter mis-
sions (ICESat GLAS and EnviSAT RA-2) to estimate surface elevation changes of the DIC.
Our method differs from previous studies of the DIC by Mair et al. (2005), Shepherd et al.
(2007), Burgess & Sharp (2008) and Colgan et al. (2008), based on estimates of ice velocity and
surface mass balance. These estimates have been sparse in both space and time and have relied
upon regionally extrapolated measurements of accumulation and runoff estimates from different
models. Mair et al. (2005), Shepherd et al. (2007), Burgess & Sharp (2008) and Colgan et al.
(2008) have also estimated the mass balance of the DIC, a quantity related to but different
than surface elevation change. Instead of combining several sources of information, we rely
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on direct measurements of surface elevation. Although NASA airborne altimeter campaigns in
1995 and 2000 at Canadian Arctic ice caps allowed elevation changes to be determined at the
DIC (Abdalati et al., 2004), the data were limited to just two flight lines and to two epochs in
time. It is difficult to assess the extent to which they are representative of changes across the
remainder of the DIC. Our method employs data that are distributed more widely in space and
time, and allow us to produce the first time-series of surface elevation with both good temporal
resolution and a reasonable spatial spread over the ice cap.
The current extent of the DIC has been derived within the framework of the European
Space Agency (ESA) GlobGlacier project (Paul et al., 2008) using Landsat ETM+ satellite
data acquired in 2000 and semi-automated mapping techniques (Paul & Kaab, 2005). The
same ETM+ images have been previously used by Burgess & Sharp (2004) to assess the extent
of the DIC using different delineation techniques. Only the elevation measurements falling
inside the GlobGlacier DIC outline are used in this study.
We used separate approaches in constructing elevation change estimates from RA-2 and
GLAS data. For both datasets, we endeavoured to minimize the use of external data, such as
digital elevation models (DEM). For the RA-2 data, we have chosen a dual crossover method
similar to that employed in previous studies utilising the RA-2 predecessor, the European Re-
mote sensing Satellite (ERS) Radar Altimeter (Wingham et al. (1998) and Johannessen et al.
(2005)). The method works well given populous time-series of data and our processing chain is
independent of external datasets. Although the GLAS provides surface elevation measurements
similar to those of the RA-2, the data are temporally sparse (typically 0-3 GLAS elevation mea-
surements per crossover location per year depending on clouds, in contrast to 11 per crossover
location per year from the RA-2) and so we adopted a different approach in processing GLAS
data. Instead of dual crossovers we use single-cycle crossovers from each period of GLAS oper-
ations. A consequence of this approach is that an external DEM was required to compensate
for the effects of surface slope on the GLAS elevation measurements.
4.3.1 The Radar Altimeter 2
The RA-2 is a nadir-looking, pulse-limited radar altimeter, based on the heritage of the ERS-1
RA. RA-2 utilises a main nominal frequency of 13.575 GHz (Ku Band) to measure the elevation
of the ground surface. In addition to the Ku-band channel, RA-2 has a 3.2 GHz (S-band) channel
for compensation of the delay due to ionospheric electron density. Sea surface topography
mapping is the primary target of RA-2, but the instrument is also able to map the elevation
of sea ice and polar ice sheets (Resti et al., 1999a). RA-2 flies onboard the ESA EnviSAT
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-satellite, launched in March 2002. EnviSAT operates in a 35-day repeat cycle orbit, and
provides observations of most of the Earth surface between 81.5o N and 81.5o S. Whereas
previous radar altimeters have suffered data dropouts over areas with difficult terrain, the
surface tracking system of RA-2 is designed to be more robust. The RA-2 provides valuable
data for applications involving ice edges, land, lakes, wetlands and coastal zones (Benveniste
et al., 2008). The autonomous resolution selection of RA-2 has been shown to work on land and
ice surfaces like the DIC, circumstances where its predecessor (RA) failed (Roca et al., 2009).
The RA-2 has delivered a continuous dataset of global elevation measurements since 2002.
A major advantage of radar altimetry (as opposed to laser altimetry) is that the data are
not dependent on clear sky conditions. Microwave instruments can measure through clouds,
unlike optical instruments such as the GLAS. A drawback of the RA-2 for application to ice
caps is the instrument’s relatively large ground footprint; the antenna bandwidth (1.3o in
the Ku-band channel) results in a circa 18 km beam-limited ground footprint (although the
instrument’s pulse-limited ground footprint is considerably smaller (Soussi & Femenias, 2006)).
Another potential difficulty is caused by ambiguous penetration of radar signals into the snow
surface; for example, if the snow is dry, the RA-2 will measure an elevation below the the snow-
air interface, whereas if the snow is wet, the RA-2 will measure an elevation of the snow-air
interface. (Legresy et al., 2005)
The foundation of our processing chain is to define the change in elevation, ∆h(x, t1, t2), in
orbital crossover points x between times t1 and t2. An orbital crossover point is a point where
ascending and descending satellite ground tracks meet. We compare elevation measurements
from pairs of orbital cycles, acquired at times t1 and t2. Instead of combining ascending
and descending tracks from a single orbital cycle, we pair ascending track from cycle 1 with
descending track from cycle 2, and vice versa. In this manner we get two pairs of elevations:
ascending track elevation hAt1 (measured during orbit cycle 1 at time t = t1) and descending
track elevation hDt2 (measured during orbit cycle 2 at time t = t2), as well hAt2 (ascending
track, orbit cycle 2) and hDt1 (descending track, orbit cycle 1). The change in elevation between
two orbital cycles at each point is defined:
∆h(x, t1, t2) =
(hAt1 − hDt2)− (hAt2 − hDt1)
2
(4.1)
We assume the elevation change during one orbit cycle (maximum of 35 days) to be neglible.
Elevations at orbital crossover points were interpolated from the two nearest measured eleva-
tions h to the crossover point. To see how the surface elevation changes over time, we choose
one of the orbital cycles as a reference cycle. Pairing all other orbital cycles with the reference
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cycle we obtain a time series of values of surface elevation ∆h(x, t, tref ) relative to the the
surface elevation measured during reference orbital cycle:
∆h(x, t, tref ) =
[





To reduce noise, values of ∆h(x, t, tref ) are binned into 10 km cells and then averaged. To
study average elevation changes of larger areas the size of the data bin can be varied. The
resulting time series is affected by the choice of the reference cycle: each single cycle may have
missing data or other anomalies. Instead of choosing only one reference cycle we have created
multiple time series of ∆h using different suitable tref . These time series were further processed
by subtracting an average of ∆h over time from values of ∆h, producing the variation relative
to mean elevation at each point:
∆h(x, t, tref ) = ∆h(x, t, tref )−
∑n
i=1 ∆h(x, ti, tref ))
n
(4.3)
Finally, a set of such time series was combined for trend analysis.
We discarded ∆h values deviating by more than 3 standard deviations of ∆h over time in
each bin. After this 3-sigma clipping, a first degree polynomial P∆h was fitted to the time
series of ∆h in each bin; the slope of this function represents the elevation trend dh/dt. Overall
trend is acquired from the slope of a first degree polynomial, even if the elevation change of an
ice cap is not always linear. We could have used the difference of the first and last elevation
measurement (being analoguous to two altimeter campaigns at different times) but our chosen
method is less sensitive to error in single measurement or anomalous circumstances during
one of the measurements times. In addition to overall trend, the resulting time series yields
information on surface elevation development through the study period. We discuss this further
in subsections 4.4.4 and 4.4.5.
The most relevant error sources contributing to the radar altimeter measurement are radar
speckle, noise introduced by sub-footprint surface topography and penetration of the radar
signal into the snow-pack. All of these error sources are functions of time and place and, in
general, are poorly known - especially so on an ice surface with non-zero slopes. In the absence
of formal estimates of error for the RA-2 over ice caps,we have derived an error estimate from
residuals between measured ∆h and a linear polynomial. Our error estimate edh/dt for elevation







Forming an error estimate based on variations of the elevation measurements is supported
by an earlier study of Radar Altimeter data, which compared the measured elevation change
error covariance and the estimated covariance of different error contributions (Wingham et al.,
1998). The study showed that the two agree, and so the error of elevation changes can be
approximated from the variance of the elevation measurements.
4.3.2 The Geoscience Laser Altimeter System
The ICESat Geoscience Laser Altimeter System (GLAS) is a pulse-limited laser altimeter flying
on board NASA’s ICESat satellite. The main objective of the ICESat mission is to measure
the elevation changes of the Greenland and Antarctic ice sheets. ICESat also monitors cloud
height and structure, sea ice roughness, sea ice thickness and ocean surface elevation (Zwally
et al., 2002). ICESat was launched in January 2003 into a 600 km orbit with inclination of 94o,
making it the first satellite to carry a laser altimeter in a polar orbit around the Earth (Schutz
et al., 2005). The GLAS system consists of three separate lasers, and was originally planned to
operate continuously for three to five years. Unfortunately laser 1 failed after only 37 days of
operation (Kichak, 2003). Fearing a similar failure of lasers 2 and 3, measurements were limited
to three operations periods of approximately 30 days per year (Schutz et al., 2005). ICESat
was put into 91 day repeat orbit in October 2003. Each operations period thus corresponds
to approximately 35% of one repeat orbit cycle or about 500 orbit revolutions. From fall 2003
to spring 2008 ICESat completed 13 such operations periods, one each spring and fall and
three summer periods (years 2004, 2005 and 2006). At the time of writing, the latest publicly
available ICESat data were from spring 2008. The ICESat data used in this paper are the
GLAS/ICESat L1B Global Elevation Dataset or GLA06, available free of charge online from
the National Snow and Ice Data Center (NSIDC) (Zwally et al., 2003).
GLAS has a footprint measuring 60 m in diameter on the Earth’s surface. Successive
measurements are sampled with an along track spacing of 172 m (Zwally et al., 2002). If a snow
layer is present, the GLAS pulse reflects from the air-snow interface. This is a feature specific
to laser altimeter measurements - radar altimeter pulses penetrate a considerable distance into
dry snow (Legresy et al., 2005) and, in consequence, the surface of which elevation is measured
will be somewhere below the snow surface. In the case of wet snow, radar altimeters measure
a surface closer to the air-snow interface. Although there is no ambiguity in the location of
the scattering surface sampled by GLAS, the measured ice elevations are sensitive to seasonal
and inter-annual changes in snow cover. The accuracy of GLAS measured surface elevations
over the Antarctic Ice Sheet have been assessed by Shuman et al. (2006), who investigated
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crossover residuals (differences of elevation recorded at two intersecting profiles) during the
same operating period of laser 2A. These measurements were found to have a relative accuracy
of about 14 cm, a result which agrees well with the pre-launch assessment (Zwally et al.,
2002). The precision of GLAS measured surface elevations over the Antarctic ice sheet was also
estimated to be just over 2 cm. Accuracy was found to be a function of surface slope, both
accuracy and precision declining with increasing slope. (Shuman et al., 2006)
Data points with no saturation elevation correction or large receiver gain values (greater
than 100) were discarded. Saturation correction was added to the elevations. Geolocations
in the GLA06 dataset were used without additional corrections. The elevation values h(x, t)
representing the surface elevation at each point x, where ascending and descending tracks meet
at each operation period time t, were calculated from these data. We assume the elevation
change between the ascending and descending passes during one operations period (maximum
of 36 days) to be negligable. Elevations at crossover points were linearly-interpolated from the
two closest elevation measurements recorded in both ascending and descending tracks during
the same operations period. If the difference between the two was more than one meter, the
data were considered erroneous and discarded. Otherwise, h(x, t) was calculated as the average
of the two elevation measurements hA(x, t) (elevation measured during ascending pass) and
hD(x, t) (elevation measured during descending pass).
GLAS data are typically temporally sparse, because surface elevation measurements are only
available during the cloud free days of the already limited operations periods. It is challenging
to use such a data set in mapping any elevation change. With so few data points, it is often
hard to distinguish between actual surface elevation changes (due to ice flow, snow fall or
melting) and data artefacts. Another major challenge when using GLAS data is the wide
spacing between repeat tracks acquired during different operation periods. Even at a latitude
of 75o N where the orbits converge, repeat ground tracks over the DIC have a typical separation
of hundreds of meters. Such wide separation of orbit ground tracks introduces the possibility
of substantial physical differences in the elevation of the target, that may be falsely interpreted
as temporal changes in elevation. For example, a slope of 2% and a separation of crossover
points of 200 m due to ground-track spacing are both typical for the DIC. A worst case of slope
direction between the two crossover points will result in 4m difference in the measured elevation.
This value is considerably larger than expected temporal fluctuations in surface elevation. We
therefore introduced a slope correction to remove the effects of local topography. The absolute
ice surface elevation (hDEM ) was determined from a digital elevation model (DEM) based on




hA(x, t) + hD(x, t)
2
− hDEM (x) (4.5)
If the DEM can resolve all the local features present in GLAS data, the remaining relative
elevation signal ∆h is the sum of physical changes in surface elevation between the airborne
study in 2000 and GLAS measurement, error in DEM and GLAS instrument error. We found
that slopes derived from the DEM by Dowdeswell et al. (2004) were not accurate enough to
derive topographic corrections for GLAS data beyond a relatively small region of high-altitude
terrain with slopes less than 3%. Thus we do not use GLAS measurements outside this region.
To estimate changes in the surface elevation we constructed a time series of slope corrected
GLAS surface elevation change estimates. We discarded ∆h values deviating by more than
3 standard deviations from the mean at a given crossover point. The points where surface
elevation estimates correlated with crossover locations (the distance between crossover points
and the mean of all of the crossovers in each time series), suggesting a failure of slope correction,
were also discarded. To allow comparison with RA-2 data the mean surface elevation over time
in place x was subtracted from the DEM corrected surface elevation change estimates. The
general elevation change rate can be estimated from GLAS ∆h time series in a manner similar
to the RA-2. A first degree polynomial can be fitted to each time-series of relative elevations.
The slope of this function represents the elevation trend dh/dt.
4.4 Results and discussion
4.4.1 Comparison of RA-2 and GLAS
We investigated the extent to which there is agreement between independent estimates of the
DIC elevation change derived from the RA-2 and the GLAS satellite altimeter datasets. The
RA-2 and GLAS comparison is presented in Figure 4.2 and Table 4.1. To compare GLAS and
RA-2 results, we paired the GLAS crossovers with RA-2 data acquired in nearby or overlapping
bins. We then interpolated RA-2 measured relative elevations in time from the time-series to
match GLAS operations periods. There were five crossover points in the high elevation area of
the DIC, where surface geometry was flat enough to allow use of a 1 km x 1 km resolution DEM
(Dowdeswell et al., 2004) for slope correction. Surface elevation ∆h(t) at time t relative to the
mean surface elevation over time can also be understood as surface elevation change between
a fixed time and t. Figure 4.2 illustrates the effect of the slope correction on the GLAS data.
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When slope correction is applied, the root mean square (RMS) difference between elevation
changes measured by GLAS and RA-2 satellite altimeter drops from 220 to 56 cm and the
correlation coefficient between the two data R increases from statistically insignicant -0.03 to
significant 0.68 (two tailed P values 0.89 and 0.0003 respectively). Even though GLAS is an
optical and RA-2 a microwave instrument, there is a reasonable agreement between the two
elevation time-series. A consequence of this agreement between the RA-2 and GLAS elevation
change measurements within the region of overlap is that we are able to establish confidence in
the elevation change rates determined using the less-precise RA-2 instrument elsewhere.












































Figure 4.2: Cross comparison of GLAS and RA-2 measured surface elevation changes. A)
Without GLAS slope correction B) With GLAS slope correction
Pair Lat Lon Elevation Distance RMS
# [o N] [o E] [m] [km] [cm]
P1 75.03 277.6 1150 4 33
P2 75.26 275.7 1100 8 49
P3 75.36 276.4 1460 11 12
P4 75.37 277.2 1770 5 17
P5 75.36 278.0 1790 18 16
Table 4.1: Cross comparison of GLAS and RA-2 elevation time series over the high elevation
area of the DIC.
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4.4.2 Spatial distribution of RA-2 data
In the RA-2 dataset, there are 17 separate data bins with six-year time-series of elevation data
on the DIC (see table 4.2 and figure 4.3). The 17 data points are distributed over an area
of 13700 km2, which results in a mean spacing of about 29 km. However 11 of the 17 data
bins lie in a smaller area of low (smaller than 3%) surface slope . Over this 5600 km2 area of
the DIC mean spacing between data points is 22 km: only 4 km larger than RA-2 instrument
footprint. Good data from the eastern sector of the ice cap are particularly sparse because of
an apparent failure in the retracker due to local topography. There are some useful elevation
measurements available from the eastern border of the ice cap, but we do not anticipate that
these are representative of the elevation change of whole eastern sector. They are located at
lower elevation areas where the RA-2 struggles due to complicated topography, which results
in large uncertainty in the measurement. This is unfortunate, because low elevation areas are
preferentially exposed to ablation, and may therefore have significant elevation trends that we
are unable to map. The areas of high flow velocities, where elevation changes due to ice dynamics
could be expected, are also characterized by larger surface slopes than areas of slow flow. This
makes these areas more susceptible to RA-2 retracker failure. Overall, our data are biased away
from areas where we would expect to see elevation losses, and we cannot overlook the possibility
that these areas have experienced changes during our observation period. Nevertheless, the 17
point measurements of elevation trends give a reasonably good coverage of the high elevation
area, the north-western and southern sectors, and the western arm of the DIC. Moreover, it
would be challenging to achieve similar coverage to that of our study with an in-situ campaign.
4.4.3 Surface elevation change rates from RA-2
We investigated patterns of elevation change at the DIC during the period 2002 to 2008 using the
data recorded by the RA-2 satellite altimeter. Elevation change rates of the DIC are presented
in Figure 4.3 and table 4.2. To assess the average surface elevation change rate of the area
where measurements were available, we used the whole DIC as one large data bin. The average
observed elevation change rate was −0.09 ± 0.29 m/a. According to these data the surface
elevation and thus volume of the part of the DIC surveyed by RA-2 did not change significantly
during the survey period, when compared to the uncertainty of the elevation measurements.
Our observed mean elevation change rate of (−0.09±0.29 m/a) may be compared to the re-
sults of previous studies. As discussed in section 4.2, (Mair et al., 2005). estimated the average
mass balance of the DIC (excluding the western arm) to have been −0.13± 0.06 m/a w.e. be-









































Figure 4.3: Elevation change rates of the DIC as determined from satellite altimetry. RA-2
measured elevation change rates (circle): Black = elevation loss, Gray = no significant elevation
change, White = elevation gain. P1-P5 are RA-2 / GLAS pairs used for cross comparison (see
table I). Black triangles are GLAS orbital crossover point locations. Numbers 1-17 refer to
RA-2 bin numbers (see table II). 200 m elevation contours were obtained from a DEM of the
DIC by Dowdeswell et. al [12]
Bin # Lat [o N] Lon [o E] Elevation Change
Rate [m/a]
1 74.93 277.676 0.25 ± 0.06
2 74.95 274.948 -0.67 ± 0.50
3 75.01 277.464 -0.00 ± 0.12
4 75.06 279.503 -0.11 ± 0.19
5 75.08 279.012 -0.42 ± 0.18
6 75.09 274.494 -0.31 ± 0.42
7 75.13 277.529 0.31 ± 0.06
8 75.16 280.081 -0.30 ± 0.29
9 75.17 276.534 0.04 ± 0.05
10 75.21 277.312 -0.06 ± 0.57
11 75.31 276.089 0.01 ± 0.04
12 75.32 275.585 -0.10 ± 0.06
13 75.33 277.377 0.18 ± 0.10
14 75.35 276.873 -0.11 ± 0.03
15 75.41 277.157 0.01 ± 0.03
16 75.45 275.634 -0.09 ± 0.07
17 75.56 279.844 0.09 ± 0.35
Table 4.2: RA-2 measured surface elevation change rates over the DIC.
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melt of the ice cap. Shepherd et al. (2007) combined model estimates of surface mass balance
with ice surface velocities derived from InSAR data from 1996, and estimated that the mass
balance of the main DIC was −1.08±0.66 km3/a w.e. (equivalent to an average elevation change
rate of −0.09±0.05 m/a w.e.). (Burgess & Sharp, 2008) estimated the average mass balance of
the DIC to have been −76.8 ± 7km3 between 1963 and 2000 corresponding to mean elevation
change rate of −0.17 ± 0.02 m/a w.e. Their estimate was based on a study similar to Mair
et al. (2005) and Shepherd et al. (2007) but they also utilized ice velocity measurements from
multiple sources including in-situ stake measurements and InSAR. Although our estimate of
the DIC elevation change is biased due to limited coverage and equivocal, given the large degree
of uncertainty, it is consistent with the findings of the previous studies which have concluded
that the ice cap is losing mass. Factors, such as potential fluctuations in the ice cap density,
data omission and temporal sampling of the data, may also contribute towards differences be-
tween the observed elevation trend and the results of previous studies. Good RA-2 data, for
example, were scarce in the eastern sector of the DIC – a region that previous studies (Mair
et al. (2005) and Burgess & Sharp (2008)) have consistently found to be losing mass – and so
our measurement of changes in the ice cap elevation may underestimate the overall trend. Our
estimate of the overall elevation change rate is biased towards sampling flat areas which exhibit
little or no significant elevation change. Finally, our study period was 2002-2008, whereas all
of the previous studies of the DIC mass change based their estimate either completely (Mair
et al., 2005) or partially (Colgan et al. (2008), Shepherd et al. (2007) and Burgess & Sharp
(2008)) on data acquired during the late 20th century.
The RA-2 data (Figure 4.3) also show considerable regional variation in the rate of elevation
change across the ice cap. According to our data, the elevation of the high altitude area (bins
13, 14 and 15) and north-western sector (bins 9, 11, 12 and 16, see also subsection 4.4.4) did
not change substantially during our observation period. The eastern sector (bin 5) and the
western arm (bin 2 and 6) decreased in elevation whereas the southern sector (bins 1, 3, 7 and
10) gained elevation. Our data from high-elevation areas agree well with the previous estimates.
Colgan et al. (2008) found a near-zero net elevation change of 0.01± 0.12 m/a w.e. for regions
above 1200 m. NASA repeat airborne laser survey by Abdalati et al. (2004), the only previous
study of DIC directly comparable with ours, found a near-zero or a small positive trend across
the high elevation area between 1995 and 2000. Our observation that the eastern sector was
losing elevation between 2002 and 2008 is in good agreement with the findings of Mair et al.
(2005), Shepherd et al. (2007), Burgess & Sharp (2008) and Colgan et al. (2008), which all agree
this sector is losing mass. Our observed elevation change of north-western sector is discussed
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in more detail in subsection 4.4.4 and is found to be in good agreement with previous research.
The area south of the summit has been reported to be in balance by Shepherd et al. (2007)
and to be gaining mass by Mair et al. (2005) and Burgess & Sharp (2008); we find it to be
gaining elevation. Previous studies have excluded the western arm from their mass balance
estimates, and so there are no data with which to compare our observed elevation change rate
of −0.71 ± 0.49 (using whole western arm as single data bin). Because the ice of the western
arm is stagnant (Dowdeswell et al., 2004), the thinning must be due to either negative surface
mass balance or compression of snow. Overall, our data agree well with previous studies on the
mass balance and the elevation change of the different regions of the DIC.
4.4.4 North-west sector of DIC
The RA-2 measured surface elevation changes in the north-western sector of the DIC (data
bins 11, 12 and 16 in Table 4.2) display interesting temporal behaviour. The average elevation
change of this region (Figure 4.4) shows a positive trend of approximately 0.5 m/a during the
period 2002-2005, followed by a negative trend of approximately 0.5 m/a during the period
2005-2008.




















Figure 4.4: RA-2 measured relative elevations from north west sector of DIC. Note the maximum
in 2005 and elevation loss between 2005 and 2008. Relative elevation values presented are
averages of relative elevations measured during different reference orbital cycles. Bars are the
standard deviation of relative elevations using different reference orbital cycles.
Thickening of this sector before 2005 and near-zero elevation change during 2005 agrees
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well with previous estimates: Abdalati et al. (2004) reported a small thickening between 1995
and 2000 based on airborne altimetry. Shepherd et al. (2007) reported an overall mass gain
based on an InSAR velocity study based on images acquired in 1996. Colgan et al. (2008)
reported near-zero (0.01± 0.12 m/a w.e.) mass change between 2005 and 2006, based on stake
measurements of flow. The annual variation of and the drivers behind the surface mass balance
of the north-west sector of the DIC are well known, thanks to direct net surface mass balance
measurements along a stake network in the area made since 1961 by The Geological Survey of
Canada (GSC) (Koerner, 1977). Annual net surface mass balance in the area varies between
0.2 m w.e. and −0.6 m w.e., average values being slightly negative (Koerner, 2005). Thus the
natural variation of the net surface mass balance is enough to explain elevation changes up to
several tens of centimeters per year.
According to Koerner melting is the chief determinant of the mass balance of the Devon Ice
Cap (Koerner, 1977). Thus the RA-2 observed elevation change of the reasonably slow flowing
north-west sector should correlate with mean summer temperatures. To verify this we compared
NCEP/NCAR (Kalnay et al., 1996) modelled summer (June and July) temperatures at 700 hPa
level to the RA-2 observed elevation change. Summer 2004 was the 6:th coldest summer since
1948, with mean summer temperature 1.5oC below the 1948-2009 average. Summers 2005,
2006 and 2007 were all warmer than the 1949-2009 average (1.2o C, 0.3o C and 1.3o C above
respectively). Yearly surface mass balance modelled by Gardner et al. (2009) also shows a local
maximum in the net mass balance of the whole DIC in 2004 followed by considerably lower
values in 2005 and 2006. All this agrees well with our observed positive elevation change in
2002-2005 and negative elevation change in 2005-2008.
4.4.5 South Croker Bay Glacier
An interesting development in the DIC surface elevation in the vicinity of the South Croker
Bay Glacier, as measured by both the RA-2 and GLAS altimeters, is presented in Figure 4.5.
The data (pair 1 of the GLAS - RA-2 inter-comparison) show a drop of more than two meters
in the ice cap surface elevation during the summer of 2007, after a period of no significant
change since the start of the data time-series in late 2003. The event occurred in the drainage
area of the South Croker Bay Glacier about 25 km from the glacier terminus (see Figure 4.3).
Although both the RA-2 and GLAS elevation measurements agree that the surface dropped
at this location, a similar change is not present in the two nearby RA-2 data bins (about 10
km north and south of Pair 1, respectively). Thus, the event is both sudden and spatially
constrained to a sector of South Croker Bay Glacier drainage. Unfortunately we can not
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constrain the extent of the event in the East-West direction with available RA-2 data. Shepherd
et. al estimated the accumulation in this region to be approximately 0.30 m/a w.e. (Shepherd
et al., 2007) – an order of magnitude smaller than our observed elevation drop. This suggests
that the decrease is not likely related to an accumulation shortfall. The signal is more easily
explained as a rapid dynamic process. Because similar behaviour is not seen in the nearby
data bins we propose that the drop is connected with a local change in the ice cap dynamics.
Although verification of this hypothesis would require independent velocity measurements from
the area (either in-situ or from satellite observations) from early- and late-2007, there is some
evidence of rapid dynamic changes in this sector of the DIC. Burgess and Sharp measured
considerable thinning up to 2 m/a at elevations lower than 400 m at the South Croker Bay
Glacier during 2004 and 2005 (Burgess & Sharp, 2008), and they also suggest the thinning is
probably driven by recent changes in ice dynamics.



























Figure 4.5: Surface elevation development of RA-2 / GLAS comparison pair 1, South Croker
Bay drainage area. RA-2 error estimates are the standard deviations of relative elevations using
different reference orbital cycles. GLAS error estimate is the 14 cm pre-launch RSS single-shot
error estimate by Zwally et al. (2002).
4.5 Conclusions
For the first time, we have combined satellite laser and radar altimeter data to assess the surface
elevation change of an ice cap – the Devon Ice Cap in northern Canada – an ice body consider-
ably smaller than the continental ice sheets where such methods traditionally have been applied
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(Slobbe et al. (2008), Smith et al. (2005), Davis & Ferguson (2004), Wingham et al. (1998) and
Howat et al. (2008)). Despite the small target size, we have obtained results that are in line
with previous research (Mair et al. (2005), Shepherd et al. (2007), Burgess & Sharp (2008),
Colgan et al. (2008) and Abdalati et al. (2004)). What’s more, where coincident laser and
radar altimeter measurements from independent satellites are available, they agree to a satis-
factory extent (RMS difference = 56 cm and R = 0.68.). We have shown the average elevation
change trend of the parts of the DIC covered by RA-2 measurements (the high elevation area,
western arm, north-western and southern sectors as well as some parts of the eastern sector)
to have been −0.09± 0.29 m/a between the years 2002 and 2008. There are, however, detailed
differences between sub-basins of the ice cap: some are thickening and some thinning.
The DIC western arm is shown to have thinned, most likely due to a negative surface mass
balance. We have observed a change in sign of the ice cap elevation trend in the north-western
sector: according to our data, this area – previously estimated to be in balance (Colgan et al.,
2008) or thickening (Abdalati et al. (2004) and Shepherd et al. (2007)) – was thinning between
years 2005 and 2008. This thinning is likely due to high melt induced by warm summers in the
area during these years.
We have observed a sudden 2 m drop in the elevation of the South Croker Bay Glacier
drainage area during the summer 2007. The drop is apparent in both the GLAS and RA-2
satellite altimeter datasets and is an order of magnitude greater than the annual accumulation
rate, suggesting its origins are more likely related to a dynamic event. This is the first time
that RA-2 has been employed to observe such a spatially small event.
Our algorithms for processing elevation changes using both RA-2 and GLAS satellite altime-
ter data can be readily adapted to study elevation changes of other large ice caps. In addition,
the RA-2 algorithm is automatic, and does not require additional data. Due to certain limita-
tions of the GLAS dataset, including the lack of overlapping ground tracks in different years, an
external DEM of the target substantially improves the certainty of estimates of ice cap elevation
change.
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5.1 Abstract
We have used Radar Altimeter 2 (RA-2) onboard ESA’s EnviSAT and Geosciences Laser Al-
timeter System (GLAS) onboard NASA’s ICESat to map the elevation change of the Flade
Isblink Ice Cap (FIIC) in Northern Greenland. Based on RA-2 data we show that the mean
surface elevation change of the FIIC has been near zero (0.03±0.03 m/a) between fall 2002 and
fall 2009. We present the elevation change rate maps and assess the elevation change rates of
areas above the late summer snow line (0.09±0.04 m/a) and below it (−0.16±0.05 m/a). The
GLAS elevation change rate maps show that some outlet glaciers, previously reported to have
been in a surge state, are thickening rapidly. Using the RA-2 measured average elevation change
rates for different parts of the ice cap we present a mass change rate estimate of 0.0±0.5 Gt/a for
the FIIC. We compare the annual elevation changes with surface mass balance (SMB) estimates
from a regional atmospheric climate model RACMO2. We find a strong correlation between
the two (R = 0.94 and P < 0.002), suggesting that the surface elevation changes of the FIIC
are mainly driven by net SMB. The correlation of modelled net SMB and measured elevation
change is strong in the southern areas of the FIIC (R = 0.97 and P < 0.0005), but insignificant
in the northern areas (R = 0.38 and P = 0.40). This is likely due to higher variability of glacier
flow in the north relative to the south.
5.2 Introduction
Ice caps and glaciers are important present-day indicators of the ongoing global climate change.
These bodies of ice are currently experiencing rapid changes. Meier et al. (2007) estimated
the contribution from glaciers and ice caps to the global sea level rise in 2006 to have been
1.1 ± 0.24 mm/a when the total observed sea level rise was 3.1 ± 0.7 mm/a. In addition to
the ice caps and glaciers the major contributors to the sea level rise are ice wastage from the
ice sheets (0.5 mm/a) and the steric effect of ocean warming (1.6 mm/a) (Meier et al., 2007).
Future projections predict significant volume loss rate from ice caps and glaciers for the next
century: according to a multi-model study by Radic & Hock (2010), the sea level rise from
glaciers and ice caps will amount to 12.4± 3.7 cm by 2100. This equates to loss of one fifth of
the whole volume of ice in glaciers and ice caps today.
The total sea level rise potential of glaciers and ice caps is altogether an order of magnitude
smaller than that of the massive continental ice sheets. The ice loss rate from the Greenland
ice sheet (GrIS) is increasing and combined with that of the Antarctic ice sheet may already
have exceeded the mass loss rate from glaciers and ice caps (Rignot et al., 2011). However, the
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contribution of ice caps and glaciers will stay significant during the next century. Also, because
systems of different size will react differently to rising global temperatures, the study of all land
ice bodies is vital in the context of global warming.
The surface mass balance (SMB) of an ice cap is determined by climate, mostly by pre-
cipitation and surface energy balance. These govern the rates of accumulation and ablation,
respectively. A change in climate affects the rates of snow accumulation and ablation of the
ice caps which, in turn, may lead to changes in their surface elevation. Other processes, such
as iceberg calving and changes in ice and snow density, will also have an effect on the ice cap
surface elevation.
Recent satellite altimeters, such as the Radar Altimeter 2 (RA-2) (Resti et al., 1999b) and
the Geosciences Laser Altimeter System (GLAS) (Zwally et al., 2002), provide near-global data
sets of surface elevation. These data can be applied to surface elevation change studies of
land ice masses. Satellite measurements provide extensive spatial and temporal coverage of the
remote and rarely visited areas, that in practice cannot be monitored by other means.
Flade Isblink Ice Cap (FIIC) is located in North-East Greenland (Figure 5.1). It covers
an area of 8500 km2, which makes it the largest ice cap in Greenland separate from the GrIS
(Kelly & Lowell, 2009). The FIIC is characterized by low surface slopes in its north-east
part, and steeper slopes as well as some nunataks in the south-west part, which overlays the
Princess Elisabeth Alps. The maximum elevation of the FIIC is approximately 960 m and
the ice thickness close to the central summit is 535 m. The weather patterns of the FIIC are
controlled by moisture and heat from the ice-free ocean to the east, and cold dry winds from the
north-west (Rasmussen, 2004). The FIIC forces the cold north-westerly air mass upwards into
the warmer moist air mass originating from the ice-free eastern side. When these air masses
meet, precipitation falls on the western side of the FIIC, while the eastern side is sheltered and
receives less snow (Rasmussen, 2004).
The outlet glaciers of the FIIC have experienced several advances and retreats. Radiocarbon
dating of glacially overrun sediments show that the FIIC glaciers advanced sometime after 7800
BP, but have retreated since (Hjort, 1997). Some model studies suggest the present-day FIIC
to be a young ice mass – only some thousands of years old, much like the Hans Tausen Ice
Cap to the west of the FIIC (Lemark, 2009). Plant remains dated to 1510-1600 AD were also
found to have been overrun by the margin of the FIIC, suggesting that the FIIC has advanced
as recently as during the Little Ice Age (Hjort, 1997).
There have been two previous studies describing surface elevation changes at the FIIC
[Krabill et al. (2000) and Pritchard et al. (2009)]. Both of these studies concentrated on the
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Figure 5.1: Location and map of the FIIC. South and North domes combined are the flat area
of surface slopes < 3%
GrIS, but they also included elevation change estimates for the FIIC. Krabill et al. (2000)
conducted aircraft laser altimeter campaigns in Greenland for the years 1994 and 1999. Their
repeat measurements along two intersecting flight lines over the FIIC show a thickening of
0.4− 0.6 m/a across most of the ice cap surface, with a small area of thinning near the eastern
margin. The fastest thickening was observed in the south-western part of the FIIC (Krabill
et al., 2000). Pritchard et al. (2009) used the GLAS to examine elevation changes of the GrIS,
but also included the FIIC in their study domain. They found that between 2003 and 2007, the
western half of the FIIC thickened by around 0.5 m/a and the eastern half thinned by around
0.2 m/a. Because the main target of both studies was the GrIS, the chosen spatial resolution of
their elevation change maps did not resolve the details of the FIIC elevation changes [Pritchard
et al. (2009) and Krabill et al. (2000)].
In this paper we assess the elevation change of the FIIC for the years 2002 to 2009 using
two satellite altimeters: RA-2 and GLAS. Maps of the elevation change rates of the FIIC
are presented for the time period 2004-2008. We also compare annual RA-2 elevation change
measurements with the modelled net SMB estimates from the regional climate model RACMO2.
This way we can assess the recent mass changes of FIIC, as well as the role and importance of
SMB in the evolution of FIIC surface elevation.
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5.3 Methodology
To assess the elevation change of FIIC we used two independent satellite altimeters: GLAS
that flew with NASA’s Ice, Cloud and land Elevation satellite (ICESat) (Zwally et al., 2002),
and RA-2 flying onboard ESA’s Environmental satellite (EnviSAT) (Resti et al., 1999b). The
two altimeters operate at different frequencies, GLAS being a laser altimeter and RA-2 a radar
altimeter. They complement each other in both temporal and spatial resolution. The RA-2
has a large beam-limited footprint of 19 km (Resti et al., 1999b). Although the pulse-limited
ground footprint of RA-2 is considerably smaller than this (Soussi & Femenias, 2006), the
spatial resolution of RA-2 is still two orders of magnitude poorer than that of GLAS, which
has a footprint of only about 70 m (Zwally et al., 2002). The advantage of RA-2 is that it
provides measurements independent of cloud conditions, whereas clouds limited the GLAS data
aquisition. Furthermore, GLAS only obtained measurements during two or three periods per
year. At a given point under an ICESat ground track on the FIIC, there were on average 4.1
successful GLAS measurements during 2004-2008. For the same period, the RA-2 provided an
average of 31.9 successful measurements per crossover point on the FIIC.
5.3.1 ICESat GLAS
GLAS provided near global (86oN to 86oS latitude) surface elevation measurements from Febru-
ary 2003 until the failure of the last laser in October 2009. One of the major challenges in
obtaining elevation change estimates from GLAS data is the local cross-track slope estimate
requirement. The ground tracks of ICESat from different years may have a spacing of up to
100 m at the FIIC. As a result, even a reasonably small cross-track slope of 2% creates a 2 m
difference in elevations measured during different tracks. This is larger than the expected ele-
vation change signal, and therefore the effect of the cross-track slope has to be removed from
the measured elevation values.
A method to estimate the cross-track slope, known as plane fitting, was used by Pritchard
et al. (2009). They calculated the average cross-track slope for all measured track pairs during
2003, and used this to compensate for surface slope in later measurements. For our slope
correction we use a high precision (better than 10 cm) digital elevation model (DEM), formed
using interferometric synthetic aperture radar (InSAR) data acquired by the European Remote
Sensing (ERS) satellite in winter 1996 (Palmer et al., 2010). As InSAR-derived height maps
contain relative values only, absolute surface elevation can only be retrieved with the use of tie-
points of known elevation (Nielsen et al., 1997). For the FIIC DEM this retrieval is achieved by
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applying a least-squares fit of the unwrapped phase at 500 points of known elevation, measured
by GLAS in 2007 (Palmer et al., 2010). Thus the FIIC DEM we utilize is not independent of
the GLAS data used in this study. However, in our analysis of GLAS data we only use the
slope information from the DEM and not the absolute height. Therefore the dependence of
FIIC DEM on GLAS data does not impede the quality of our elevation change estimates.
The GLAS data used in this paper is the GLAS/ICESat L1B Global Elevation Dataset or
GLA06, available free of charge online from the National Snow and Ice Data Center (NSIDC)
(Zwally et al., 2003). Saturation correction was added to the elevations. Data points with no
saturation elevation correction or large receiver gain values (greater than 150) were discarded.
Geolocations in the GLA06 dataset were used without additional corrections.
To assess the elevation change of the ice surface, we calculated the difference (∆h(x, t))
between GLAS measured elevations h(x, t) and our DEM (hDEM ). Both the GLAS measured
and DEM elevations were in reference to the ICESat/GLAS geoid. We calculated the average
∆h(x, t) for x inside 1km2 data bins for each operations period:
∆h(x, t) =
∑n
i=1 hi(x, t)− hDEM (x)
n
(5.1)
If the local features present in the GLAS data are resolved by the DEM, the ∆h is the
sum of three factors: error in DEM (for example due to radar penetration), GLAS instrument
error, and actual physical changes in surface elevation between the time of the InSAR study
and the GLAS measurement. To obtain an elevation trend, we fitted a first degree polynomial
to these elevation differences, so that the slope of the polynomial represents the elevation trend
in the data bin. For the elevation trend map, the elevation trends were then interpolated by a
bicubic spline method (Sandwell, 1987) to obtain elevation trends between ICESat tracks where
no measurements were available. Average elevation trends for large areas were calculated from
non-interpolated measurements.
We did not calculate a formal error estimate for each elevation measurement, because too
many of the contributory factors (surface roughness, change of the surface topography since
the DEM was measured, etc.) are poorly known. Instead we use the 1-σ confidence interval
provided by the regression of the trend. Similar error estimate based on variation of the elevation
measurements has been used in the past for example by Wingham et al. (1998). There is a
known GLAS inter-campaign bias that adds a systematic error to measured elevation change
rates. Magnitude of the trend of this bias has been estimated to be of the order of 0.006 m/a




To assess the elevation change rate from RA-2, we employed the dual crossover method pre-
viously used to assess the elevation change of the Antarctic Ice Sheet (Wingham et al., 1998),
GrIS (Thomas et al., 2008) and the Devon Ice Cap (Rinne et al., 2011). The method is based
on the dh/dt -method introduced by Zwally et al. (1989). In the dual crossover method only
crossovers with two pairs of tracks (see Equation 5.2) are used.
The foundation of our RA-2 processing is to define the change in elevation, ∆h(x, t, tref ),
in orbital crossover points x between times t and tref :
∆h(x, t, tref ) =
[





hAt and hDt refer to elevations measured during ascending and descending passes, respec-
tively. Using the average of two different geometry crossovers removes the possible ascend-
ing versus descending biases in radar penetration. In this manner, we get a time series of
∆h(x, t, tref ). To reduce noise, values of ∆h(x, t, tref ) are binned into 10 km by 10 km cells
(data bins) and then averaged.
The choice of the reference time tref affects the resulting time series ∆h(x, t, tref ). As we are
calculating the change in elevation, and not the absolute elevation, we can choose an arbitrary
point in time (within our measurement period) as our reference. In practice a choice of one
reference point in time is not enough, as a measurement from a certain point in time may lack
some coverage over the study area. Also there are errors inherent in every measurement, and
choosing just one reference point may introduce bias into the resulting time series.
Instead, we used ten different time periods (ten orbital cycles of 35 days) as references. We
assume the elevation change during one orbital cycle to be negligible. Every chosen reference
cycle yields a slightly different time series of ∆h(x, t, tref ). The time series using different
reference cycles were finally combined into one, which reduces the uncertainty and leads to a
better coverage of the study area.
The individual time series, in reference to different orbital cycles, have a different placement
regards to the level of zero elevation change. Before their combination, a constant value was
added to each time series. Adding this constant (which assumed a different value for each time
series) adjusted each time series so that it was in reference to the same level of zero elevation
change. The value of this constant was optimized so that the square sum of differences between
the time series (after adding the constant) and the time series with most data points was
minimized.
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Finally, a first degree polynomial P∆h was fitted to the combined time series of ∆h(x, t)
in each bin. The slope of P∆h represents the elevation change rate dh/dt. The overall trend
is determined from the slope of a first degree polynomial, even if the elevation change of the
ice surface is not always linear. Although we could have used the difference of the first and
last elevation measurement (being analogous to two altimeter campaigns at different times),
our chosen method is less sensitive to error in single measurements or anomalous circumstances
during one of the measurements times.
The largest error sources contributing to the radar altimeter measurement are radar speckle
(associated with sub-footprint surface topography) and time-variant penetration of the radar
signal into the snow-pack (Arthern et al., 2001). To minimize the variation of radar penetration,
we only use RA-2 measurements from times when the snow surface is wet and the radar pene-
tration is negligible. Hall et al. (2008) compared satellite-based Moderate Resolution Imaging
Spectroradiometer (MODIS) measurements of surface temperature to in situ observations and
found that there was no variation in surface temperature with elevation on 3 July 2001 and on
23 June 2004, suggesting that the entire ice surface of the FIIC was at or near to melting on
these dates. We only use RA-2 measurements made between late summer and early fall (start
of July and mid-September).
Because we compared RA-2 measurements with other RA-2 measurements only, we did
not apply a slant-range correction. Furthermore, we chose not to apply the re-location of
measurement. Due to this, the actual location of radar echo is upslope from the nadir point.
In consequence, we can’t measure the very lowest elevations of the ice cap. All of the error
sources are functions of time and location and, in general, are poorly known – especially on an
ice surface with non-zero slopes. Analogously to GLAS, in the absence of formal estimates of
error for the RA-2 over ice caps, we use the 1-σ confidence interval provided by the regression
of the trend as our error estimate edh/dt.
5.3.3 RACMO2 climate model
The Regional Atmospheric Climate Model (RACMO2/GR) was applied over a domain that in-
cludes the GrIS and its surrounding oceans and islands at high horizontal resolution of 11 km.
For use over Greenland, RACMO2 has been coupled to a physical snow model that explicitly
treats properties of snow, firn and ice, meltwater percolation, retention and refreezing [Bouga-
mont & Bamber (2005) and Ettema et al. (2009)]. The atmospheric part of the model is forced
at the lateral boundaries and the sea surface by the interim-reanalysis of the ECMWF (Euro-
pean Centre for Medium-Range Weather Forecasts, ERA-Interim, 1989-2009). Ettema et al.
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Figure 5.2: Elevation change rate map from GLAS (2004-2008). Stars are GLAS measured
values, small circles interpolated values. Background: Landsat ETM+ scene from July 2001
(NASA).
(2009) and [2010] showed that RACMO2/GR accurately simulates the present-day climate of
the GrIS: present-day SMB correlates well with observations from snow pits and snow cores
(r = 0.95), resulting in credible estimates of recent Greenland mass losses (van den Broeke
et al., 2009). We used the (1-σ) uncertainty estimate eRACMO2 by (Ettema et al., 2009) for
RACMO2 modelled net SMB values of:
eRACMO2 = 15 + 0.01 ∗ SMB + 0.0002 ∗ SMB
2[kg/m2] (5.3)
5.4 Results and discussion
The elevation change rates between 2004 and 2008 are presented in Figures 5.2 (GLAS) and
5.3 (RA-2). We have plotted the RA-2 measured elevation change rates for 2004-2008, instead
of the whole RA-2 data period, to allow cross-comparison of the two altimeters.
The elevation change rate maps from these two independent instruments show similar fea-
tures: elevation gain over most of the FIIC, with elevation loss in the low elevation areas and in
the northern dome area. The RA-2 measured an average elevation change rate of 0.03±0.03 m/a
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Figure 5.3: Elevation change rate map from RA-2 (2004-2008). The circles are the 10 km by
10 km RA-2 data bins. Background: Landsat ETM+ scene from July 2001 (NASA)
from fall 2002 to fall 2009. For the period 2004 to 2008, RA-2 measured an average elevation
change rate of 0.10 ± 0.07 m/a and the GLAS measured an average elevation change rate of
0.17±0.23 m/a. The RA-2 derived elevation change rate is within the uncertainty of the GLAS
elevation change rate.
The fine spatial resolution of the GLAS allowed us to study the spatial variation of the
elevation change rates of the FIIC during 2004-2008 (see Figure 5.2). The observations show a
clear pattern of elevation change over the ice cap: the western area has been gaining elevation
at rates of up to more than 2 m/a, whereas areas in the east have been losing elevation at
rates up to 1 m/a. The negative elevation change rates are concentrated on the low elevation
ablation areas of the ice cap. Our RA-2 measurements presented in Figure 5.3 confirm this
elevation change pattern of the FIIC.
To quantify elevation changes above and below Late Summer Snow Line (LSSL), we applied
a semi-automated LSSL retrieval algorithm to a Landsat ETM+ frame from July 2001 (a year
with typical SMB according to RACMO2). We used the LSSL to calculate the average elevation
rates for the area of the FIIC that was snow-covered in July 2001, as well as for areas of bare
ice. Average elevation change rates and corresponding mass changes are presented in Table 5.1.
The FIIC was not only increasing in mean elevation during 2004-2008, but its geometry was also
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changing: accumulation areas of the FIIC increased in elevation and ablation areas decreased in
elevation. Our elevation change rate map (Figure 5.2) agrees with the map of elevation change
rates by Pritchard et al. (2009) (using the same dataset but a different algorithm), but has a
better spatial resolution. Elevation change rates mapped by GLAS are also similar to those
mapped by a repeat airborne altimetry study in 1994 and 1999 (Krabill et al., 2000).
Closer inspection of the GLAS-measured elevation change reveals that three outlet glaciers
north-east of Station Nord gained elevation faster than the surrounding areas. Based on a study
of satellite measured velocities from 2000-2001 and 2005-2006, Joughin et al. (2010) reported
a large (from 300 m/a to 60 m/a) slowdown of the largest two of these glaciers. Several large
longitudinal crevasses and digitate termini, both characteristics of a surging glacier (Copland
et al., 2003), are visible in the Landsat ETM+ image acquired in July 2001. This implies that
the glaciers were in surge state during 2000, and that the surge had ended by 2005. Thickening
of these glaciers could be explained by slowdown in the glacier flow.
The drainage area of the northernmost glacier (northern dome) is also a notable exception
to the general pattern of increasing elevation at areas above the LSSL. Both GLAS and RA-2
measure an elevation loss in this area. The airborne study by Krabill et al. (2000) found this
area to have been thickening during 1994-1999, in a similar manner to other high elevation areas
of the FIIC. We suggest that the 2004-2008 decrease in the northern dome surface elevation
results from increased ice flow from the upper areas to the lower areas of the glacier after a
surge of the outlet glacier.
Based on the GLAS observations the thickening of some parts of the FIIC is among the
fastest in Greenland. The largest observed thickening rate on FIIC was 3.4 ± 0.7 m/a. In
addition to the peak thickening rate, a 1800 km2 area thickened faster than 0.5 m/a. Thick-
ening rates of this magnitude are not common on GrIS. Pritchard et al. (2009) found dynamic
thickening rates similar to those we have observed on FIIC only on two quiescent phase outlet
glaciers, Storsstrommen and L. Bistrup Brae, both in North-East Greenland. In contrast, thin-
ning rates we observe below the LSSL of FIIC are common in the margins of GrIS (Pritchard
et al., 2009).
To estimate the net mass change rate of the FIIC, we first calculated the average elevation
change rate for the area above the LSSL (5848 km2) and for the area below it (3001 km2)
(see Table 5.1). These rates were 0.09 ± 0.04 m/a and −0.16 ± 0.05 m/a, respectively. We
assume the elevation gain above the LSSL to be due to thickening firn (average density of
660± 250 kg/m3), and elevation loss below the LSSL to be due to loss of ice (average density
of 900 ± 10 kg/m3). The same density values were used by Gardner et al. (2011) to derive
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Table 5.1: Elevation and mass change rates of the FIIC
dh/dt [m/a] dh/dt [m/a] dh/dt [m/a] dM/dt [Gt/a] dM/dt [Gt/a] dM/dt [Gt/a]
Above LSSL Below LSSL Whole FIIC Above LSSL Below LSSL Whole FIIC
GLAS
(2004-2008) 0.27± 0.29 −0.24± 0.23 0.17± 0.28 1.4± 1.5 −0.7± 0.7 0.7± 1.8
RA-2
(2004-2008) 0.16± 0.10 −0.11± 0.05 0.10± 0.07 0.3± 0.2 −0.8± 0.6 −0.5± 0.8
RA-2
(2002-2009) 0.09± 0.04 −0.16± 0.05 0.03± 0.03 0.4± 0.3 −0.4± 0.2 0.0± 0.5
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Figure 5.4: RACMO2 modelled net surface mass balance of the Flade Isblink Ice Cap.
mass change estimates from GLAS measured elevation changes of ice caps in Canadian Arctic
archipelago. Firn compaction models for large ice sheets have been previously used (e.g. Zwally
et al. (2005)) to better estimate fluctuations in firn density, but these have not been validated
on ice caps like the FIIC. Thus we have to accept the large uncertainty of our firn density
above the LSSL, which also accounts for possible firn compaction. We did not account for
glacial isostatic adjustment, since the resulting elevation change rate at the FIIC is negligible
(less than 0.003 m/a (Wu et al., 2010)). Multiplying the volume change rates by the relevant
density estimates, we determined the net mass change rate of the FIIC to have been zero
(0.0± 0.5 Gt/a) during 2002-2009.
We used the RACMO2 output for 1989-2009 to estimate the net SMB of the FIIC during our
study period (Figure 5.4). The annual net SMB values show that the years 2002, 2003 and 2004
are characterized by low net SMB values. Indeed these three years are the three most negative
net SMB years between 1989 and 2009. Year 2006, on the other hand, is the second largest
net SMB year during this interval. Based on RACMO2, the average annual SMB anomaly
(from 1989-2009 mean 73 ± 26 kg/m2) during the RA-2 study period was −67 ± 25 kg/m2a.
When interpreting the altimeter data, it has to be remembered that the conditions during the
study period were not typical, and in consequence the measured trends do not reflect long term
trends.
The temporal resolution of RA-2 allows us to compare the measured elevation changes and
modelled net SMB of the FIIC. We compared August-to-August RA-2 elevation changes with
RACMO2 modelled net SMB over the flat areas of the FIIC (surface slope < 3%). Because
RA-2 data begin from September 2002, the 2002-2003 value is from September to August.




























































Figure 5.5: Comparison of RACMO2 modelled net SMB and RA-2 measured elevation change.
Points are August to August (except 2002-2003 September-August) Left: Areas of the FIIC
with slope < 3% Centre: South Summit Right: North Summit.
change and the net SMB is R = 0.94, and the null hypothesis probability P = 0.0014. This
suggests that the SMB was the main driver of the elevation change of this area during the RA-2
measurement period.
As discussed before, the surface elevation of the northern dome of the FIIC appears to be
driven by ice dynamics (the presence of surge-type glaciers) in addition to changes in the SMB.
To test this assumption, we chose two subareas of the flat area – the northern and southern
domes (see Figure 5.1)– for closer study. We compared annual RA-2 elevation changes with the
RACMO2 modelled annual net SMB on these subareas (Figure 5.5). Measured annual elevation
change and modelled SMB correlate strongly in the southern dome (centre panel of Figure 5.5):
R = 0.97 and P = 0.0004. This suggest that changes in the surface elevation of the southern
dome of the FIIC were driven by the net SMB. This is an expected result since Palmer et al.
(2010) have showed that this area has only few slow flowing outlet glaciers. Strong correlation
of SMB and elevation change also implies that the interannual variation of firn compaction rate
is small.
In the northern dome area (see right panel of Figure 5.5) the correlation between SMB and
surface elevation change is not present (R = 0.38, P = 0.40). In fact, at the northern dome
we observe a year with negative net SMB and positive elevation change (2002-2003), as well as
a year with large positive net SMB and elevation loss (2006-2007). As the surface geometry
of the northern dome is similar to the southern dome, there is no reason to suspect that the
misfit is due to measurement errors. Similarly, we have no reason to expect that RACMO2
would perform differently in the northern dome than in other flat areas of the FIIC. Instead,
the lack of correlation could be explained by interannual variation of ice flow from this area, or
variation in the firn compaction rate. The variable ice flow in this area is supported by observed
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glacier slowdown (Joughin et al., 2010). As we have no measurements of firn compaction rates
in the area, we cannot rule out a contribution from variable firn compaction to the observed
surface elevation changes of the norhern dome, although such a contribution is not observed in
the southern dome.
Overall zero mass change rate is an unexpected result, since during our study period the
GrIS was losing mass at a rate of approximately 200 Gt/a (Rignot et al., 2011). Most of this
mass loss was due to changes around the the margins of the GrIS – areas similar to FIIC.
However, much of the elevation loss on GrIS is dynamically-driven (Pritchard et al., 2009).
We see no such thinning on the FIIC, where elevation changes seems to be driven mostly by
SMB. Based on the RACMO2/SMB comparison above, the surface elevation is dynamically-
driven only in the north-west outlet glaciers of the FIIC and their drain area (northern dome).
Furthermore, the only significant dynamic event during our observation period is a slowdown
of these glaciers, resulting into thickening. Thus the data implies, somewhat surprisingly, that
FIIC is responding to the changing climate in a different manner than the GrIS.
5.5 Conclusions
1. The average surface elevation change rate of the FIIC has been near zero (0.03± 0.03 m/a)
between September 2002 and September 2009. In consequence, during this period the mass
change rate of the FIIC has been zero (0.0± 0.5 Gt/a), assuming changes in volume above and
below the LSSL occured at the density of firn and ice, respectively.
2. The GLAS-observed local elevation change rates during 2004-2008 range from 3.4 ±
0.7 m/a to −2.5 ± 0.7 m/a. The maximum value is among the fastest thickening reported
anywhere in Greenland.
3. Both RA-2 and GLAS show the same spatial elevation change rate pattern: areas above
late summer snow line were gaining elevation (on average 0.09 ± 0.04 m/a between 2002-2009
based on RA-2 measurements) and areas below late summer snow line were losing elevation (on
average −0.16± 0.05 m/a between 2002 and 2009 based on RA-2 measurements).
4. In the flat regions of the FIIC, the overall surface elevation changes can be explained by
annual variations in the net SMB. At the northern dome of the FIIC, net SMB does not explain
the observed elevation changes. This is likely the result of a continuation of the surge phase of
the outlet glaciers in this region.
81
Chapter 6
Surface Elevation and Mass
Fluctuations of the Austfonna Ice
Cap
This chapter describes the recent surface elevation changes of the Austfonna Ice Cap and com-
pares altimeter measurements to modelled SMB values. This chapter is a manuscript, to be
submitted for publication in Geophysical Research Letters.
Authors: Rinne, E.; Shepherd, A.; van den Broeke M.R.; Muir A.; Wingham D.
I processed the altimeter data from GLAS level 2 and RA-2 crossover elevation differences
onwards. The RA-2 crossover processing was done by Muir. I compared the altimeter data
to modelled SMB values. I interpreted the results and wrote most of the manuscript, based
on text by Shepherd who provided the original research idea. Shepherd also assisted with
the interpretation of the data and writing this manuscript. Van den Broeke provided the




Satellite radar altimeter data recorded by EnviSAT Radar Altimeter 2 (RA-2) show that
a 5200 km2 section of Austfonna ice cap, Svalbard, increased in elevation at the rate of
0.33± 0.03 m/a between September 2002 and September 2009. The observations cover 64% of
the whole ice cap area. When extrapolated over the whole ice cap, the elevation change rate
results into a volume gain rate of 2.5± 0.8 km3/a. An inspection of contemporaneous surface
mass balance estimates from the regional climate model RACMO2 shows that inter-annual ele-
vation changes are explained by surface mass balance anomalies. The coefficient of correlation
between annual modelled elevation change using SMB anomaly estimates from RACMO2 and
RA-2 measured elevation change is R = 0.88. We conclude that the net SMB of Austfonna
during the RA-2 period was not different from the 1958-2010 mean. Combining the observed
thickening and modelled SMB provides evidence that during this period Austfonna has not been
in dynamic balance with the climate, but probably in state of thickening between outlet glacier
acceleration and surges. Using RACMO2 SMB estimates and the experimental relationship
between elevation change and SMB anomaly, and assuming constant ice divergence, we con-
struct a 52-year surface elevation change history of Austfonna. During this period, Austfonna
thickened at a rate of 0.39± 15 m/a.
6.2 Introduction
According to the Intergovernmental Panel on Climate Change Fourth Assessment Report
(IPCC, 2007), the cryosphere was the most important source of the accounted 20th century
rise in ocean mass. Of this trend, about 70% was attributed to the retreat of mountain glaciers
and ice caps: components which, altogether, comprise less than 1% of all ice on Earth. This
peculiar situation has been broadly apparent for some time, and has motivated studies of both
the sea level rise potential (e.g Dowdeswell (1986)) and the actual sea level contribution (e.g.
Dyurgerov & Meier (2000)) of small ice bodies. While their potential contribution is, in fact, no
more than about 40 cm of additional sea level stand (IPCC, 2007), future projections predict
significant volume loss rate from ice caps and glaciers for the next century.
According to a multi-model study by Radic & Hock (2010), the sea level rise from glaciers
and ice caps will amount to 12.4 ± 3.7 cm by 2100. This equates to a loss of one quarter of
the whole volume of ice in glaciers and ice caps today. For this reason, determining the change
rates of small ice bodies is a subject of immediate urgency. Although half of their reservoir is
stored in individual glaciers distributed widely across the planet, the remainder is concentrated
83
in about 102 ice caps sited at polar latitudes. In consequence, establishing a mechanism to
determine fluctuations in the volume of ice caps with adequate accuracy offers an effective
means to reduce the present uncertainty in estimates of global sea level trend.
Austfonna is an ice cap covering 8120 km2 of Nordauslandet, the northernmost island of
the Svalbard archipelago. With a volume of 1900 km3 (Dowdeswell, 1986), corresponding to
0.75% of all ice beyond Antarctica and Greenland, Austfonna is the fourth largest ice cap on
Earth today (Dowdeswell & Hagen, 2004). According to accumulation studies by Pinglot et al.
(2001), Austfonna receives about 4 km3 w.e. of snow each year, or 0.25 % of its current mass.
Such a high level of turnover renders studies of the ice cap mass balance problematic, because
there is considerable natural variability at seasonal and inter-annual time scales. Nevertheless,
a number of studies have considered the mass balance of Austfonna.
According to an assessment of glaciological records collected during the late 20th century,
the estimated mass of Austfonna did not change significantly between 1963 and 1997 (Hagen
et al., 2003). However, a series of more recent, short-period surveys have reached markedly
different conclusions. Repeat aircraft laser altimeter measurements have shown that the central
accumulation area thickened by about 0.5 m/a between 1996 and 2002 (Bamber et al., 2004).
Bamber et al. (2004) and Raper et al. (2005) both labeled this thickening anomalous, attributing
it to an increasing precipitation trend associated with the decline of sea ice in the adjacent
Barents Sea. A survey of the ice cap mass budget during the 1990s, based on satellite-derived
velocities, detected a mass gain of 0.5 ± 0.2 Gt/a (Bevan et al., 2007). Finally, Moholdt et al.
(2010a) estimated the surface elevation changes of Austfonna using a combination of in-situ GPS
as well as airborne- and satellite altimetry. For the period of 2002-2008 they found an overall
mean elevation change rate of 0.05 ± 0.02 m/a and a total mass balance of −1.3 km3/a w.e.,
the majority of which they attributed to marine retreat loss.
In this work, we combine repeat measurements from the European Space Agency’s Environ-
mental Satellite (EnviSAT) radar altimeter (RA-2) and surface mass balance (SMB) estimates
from the Regional Atmospheric Climate Model (RACMO2). Our objective is to quantify the
volume change of Austfonna during the RA-2 period 2002-2009, and to characterize the origins
of the ice cap’s surface elevation fluctuations over the past five decades.
Even with spatial resolution coarser than that of laser altimeter, the RA-2 has been shown
to provide elevation change estimates of ice caps – targets previously considered to be too small
for radar altimeters. Importantly the RA-2 provides a longer time series and a better temporal
resolution than ICESat GLAS. Even if short time series of satellite altimeters does not allow
to determine long term surface elevation trends, combined with longer time series of modelled
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SMB values it can improve our understanding of long term ice cap mass balance.
6.3 Data and Methods
We analysed elevation measurements from the EnviSAT RA-2 to determine the volume change
of the Austfonna ice cap between 2002 and 2009. To assess the elevation change rate from
RA-2, we employed the dual crossover method previously used to assess the elevation change
of the Antarctic Ice Sheet (Wingham et al., 1998), GrIS (Thomas et al., 2008), Flade Isblink
Ice Cap (Paul et al., 2011) and the Devon Ice Cap (Rinne et al., 2011). The method is based
on the dh/dt -method introduced by Zwally et al. (1989).
The Flade Isblink and Devon ice caps are targets of size and surface slopes similar to
Austfonna. The surface tracking system of the RA-2 is designed to be more robust than its
predecessors (Resti et al., 1999a). The autonomous resolution selection, part of the surface
tracking system, of the RA-2 has been shown to work on targets where previous altimeters
have failed (Legresy et al., 2005). To obtain ice surface elevation, the altimeter range mea-
surements were adjusted for perturbations in the satellite orbit and the effects of atmospheric
propagation delays. We did not apply any correction for co-varying changes in the elevation
and backscattered power observed elsewhere, because in regions of such high firn density the
degree of radar penetration is small (Shepherd et al., 2003). To quantify uncertainty introduced
by time-variant penetration, we compared the elevation change rates derived from late summer
(when the ice cap surface is expected to be wet and radar penetration is negligible) to elevation
change rates derived using all of the RA-2 measurements. The RMS difference of the two was
only 13 cm, which is smaller than our average trend uncertainty estimate. Furthermore, in the
RA-2 / RACMO2 comparison we used only data collected in August.
Our RA-2 method and its accuracy are discussed in detail by Rinne et al. (2011). To recap
briefly, the foundation of the method is to define the change in elevation over time in orbital
crossover points. Several of these elevation change measurements are combined into a time
series of relative elevation, and the elevation trend (and its 1-σ uncertainty) are determined by
linear regression.
The largest error sources contributing to the radar altimeter measurement are radar speckle
(associated with sub-footprint surface topography) and time-variant penetration of the radar
signal into the snow-pack (Arthern et al., 2001). These error sources are, in general, poorly
quantified. In the absence of formal estimates of error for RA-2 over ice caps, we use the 1-σ
confidence interval provided by the regression of the trend as our uncertainty estimate.
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To assemble time series of elevation change, we used 10 different orbit repeat cycles as
references. In total we were able to form 51 separate time series of elevation change for 10x10 km
data bins, encompassing 64% of the Austfonna ice cap. From these data, we computed the
average elevation change rate at each data bin on the ice cap, elevation change rates for different
elevation bands, as well as the average elevation change rate of the whole ice cap.
To account for the elevation trend due to fluctuations in SMB, we examined monthly SMB
data from the RACMO2 at 11km horizontal resolution. Ettema et al. (2009) and Ettema et al.
(2010) showed that RACMO2 accurately simulates the present-day climate of the Greenland
Ice Sheet: present-day SMB correlates well with observations from snow pits and snow cores.
The atmospheric part of the model is forced at the lateral boundaries and the sea surface by the
interim-reanalysis of the European Centre for Medium-Range Weather Forecasts (ECMWF),
ERA-Interim for the years 1989-2009. For the period 1958-1988 ERA40 is used for forcing.
Although originally built for the Greenland Ice Sheet, RACMO2 also yields SMB estimates
for the Svalbard archipelago. The Austfonna ice cap lies close to the margin of RACMO2
domain and approximately 1000 km from the validation areas. Thus the RACMO2 SMB
values we use are not formally validated on Austfonna and they may include biases and other
errors. Our RACMO2 SMB estimates span a 52-year period 1958-2009. To allow comparison
of RA-2 observed elevation changes and RACMO2 SMB estimates, we calculated the annual
August to August elevation change for the RA-2. Since the first RA-2 data available are from
September 2002, the annual value for 2002-2003 is from September to August.
6.4 Results
The elevation change rate map of Austfonna measured by RA-2 is presented in Figure 6.1.
Our RA-2 measurements cover an area of 5100 km2 (64 % of the whole ice cap). Gaps in the
RA-2 data are usually due to “loss of lock” due to steep surface geometry. Missing data can
also be due to missing orbits or unsuccessful altimeter corrections. Between 2002 and 2009,
the section measured by RA-2 of the Austfonna ice cap gained elevation at the average rate
of 0.33 ± 0.08 m/a. The only area thinning according to our study is near the ice margin in
the south-east part of the ice cap. The negative rates at two data bins in the western part
of the ice cap are zero within the uncertainty. The area undergoing thinning is at one of the
few fast-flowing outlet glaciers of Austfonna. The map suggests an altitudinal pattern of the
elevation change rates: the largest thickening has taken place in the high elevation centre parts
of the ice cap.
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To test this assumption, we separated the survey area into eight equal bands of elevation.
RA-2 measured elevation change rate as function of altitude is presented in Figure 6.2. We
chose not to extend our estimates to elevations under 50 m, since we expect no radar altimeter
returns from these low altitudes. The average elevation change rate between 50 m and 150 m
of altitude was 0.16 ± 0.16 m/a, rising progressively to 0.60 ± 0.20 m/a above 750 m. When
sampled in this way, variations in altitude may explain 80% of the elevation trend; for every
100 m rise in altitude the elevation trend increases by 0.07 m/a. In contrast, we found no
similar relationship between latitude and the elevation change rate.
If we extrapolate the observed elevation change values outside our measurement area, using
the average elevation change rates for different elevation bands, we can estimate the whole
Austfonna ice cap to have been gaining volume by 2.5± 0.8 km3/a during September 2002 and
September 2009 (not taking glacier retreat or advance into account).
To assess the drivers of elevation change, we calculated the August to August elevation
change dH from all available RA-2 measurements (2002-2009) and compared them to net SMB
anomalies from RACMO2 for the same period. RACMO2 gives a mean August to August
SMB of 450± 70 kg/m2 for the period 1958-2009. The SMB anomalies were calculated against
this value. The comparison of RA-2 and RACMO2 data is shown in Figure 6.3. Because the
RA-2 data begins from September 2002, for the year 2002-2003 the timespan is from September
to August. We used late summer measurements, because it is expected that the whole of the
Figure 6.1: Elevation change rate map of the Austfonna ice cap measured by RA2. Background:
Landsat (channel 3) aquired on 10 July 2001 (NASA)
87
Austfonna surface is wet at this time (Kohler, 2011) and thus the radar signal does not penetrate
into snow.
Correlation coefficient R between the SMB anomaly and dH is 0.88 (null hypothesis prob-
ability P=0.009). The experimental relationship of the two is:
dH = 0.0020 [m3/kg] ∗ SMBanomaly + 0.36 [m] (6.1)
The constant term 0.36 m can be understood as the elevation change of an average (zero
anomaly) SMB year. If the ice cap were in dynamic balance, this term would be zero.
Comparison of the modelled SMB and the observed elevation change shows that the former
was the driver of the latter during 2002-2009. If we assume that there have been no significant
changes in the dynamics of Austfonna, we can use the RACMO2 data spanning 1958-2009 to
interrogate previous ice cap elevation changes.
The RACMO2 August to August SMB anomaly estimates for Austfonna are presented in
Figure 6.4A. The surface elevation of Austfonna, calculated using the experimental relationship
of annual SMB and dH (Equation 6.1), is presented in Figure 6.4B. The modelled annual SMB
is highly variable, with maximum and minimum values of 860 ± 170 kg/m2 (1982-1983) and
0 ± 20 kg/m2 (2002-2003). According to our model, the average thickening rate of the area
covered by our study has been 0.39± 0.15 m/a during 1958-2009.
6.5 Discussion
By using direct measurements from a satellite altimeter RA-2, we have shown that the surface
elevation of Austfonna has increased by 0.33 ± 0.08 m/a between 2002 and 2009. This rapid
growth is an unexpected result, since according to RACMO2 estimates the net SMB during the
RA-2 period (2002-2009) was similar to the long term mean. Furthermore, a smaller elevation
change rate of 0.05±0.02 m for the period of 2002-2008 has been recently reported by Moholdt
et al. (2010a). The difference between the estimates is easily explained by the difference of
our methods: Moholdt et al. (2010a) used data with spatial resolution an order of magnitude
better than ours. Therefore their study includes rapid elevation losses in low elevation areas,
excluded from our study. For our study area, Moholdt et al. (2010a) elevation change rates are
in agreement with ours.
The only negative elevation change we observe is on a fast-flowing glacier in the SE-sector
of Austfonna, previously referred to as “Sector 3” [Dowdeswell et al. (2008) and Moholdt et al.
(2010a)]. Ice dynamics may be a substantial contributor to surface elevation locally, and con-
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Figure 6.2: Altitudinal distribution of RA-2 measured elevation change rates at Austfonna.






































Figure 6.3: Cross-comparison of annual summer to summer (August to August, except for
2002-2003 September to August) RA-2 measured elevation changes and RACMO2 modelled
SMB anomaly (from 1958-2009 mean).
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ceivably the thinning of sector 3 may be due to local fluctuations in ice divergence.
The RA-2 observed inter-annual elevation changes are as large as 0.85 ± 0.10 m (August
2007 to August 2008). The standard deviation of annual summer to summer elevation changes
observed by RA-2 is 0.60 m. This underlines the problem of using short time series, such
as the 6-year time series obtained with Geoscience Laser Altimeter System (GLAS), to assess
elevation change rates of ice caps with large annual accumulation variability. Excluding a year
like 2007-2008 from a 6-year time series, for example due to clouds, will result into a 0.15 m/a
difference in the observed elevation change rate. This is also why studies with poor temporal
resolution such as repeat airborne surveys, should not be used to assess long term trends.
Although the RA-2 data are limited to a 7-year interval, the RACMO2 provides a 52-year
record of SMB. Over this time period, the mean SMB of Austfonna was 450± 70 kg/m2, which
is high in comparison with previous studies. Pinglot et al. (2001) determined a mean net mass
balance from a distribution of ice cores, and arrived at 260 kg/m2 during 1986-1999. For the
same period, RACMO2 estimates a mean SMB of 390 ± 50 kg/m2, which is 50% larger than
that of Pinglot et al. (2001). Part of the mismatch may be explained by in-situ net annual mass
balance measurements being point measurements that have been extrapolated over the whole
accumulation area. In any case, this comparison of in-situ net SMB does show that RACMO2
overestimates the absolute net SMB of Austfonna. RACMO2 was developed to resolve the mass
balance of a large continental ice sheet, and some areas with significant ablation on Austfonna
are too small for 11 km resolution. As a consequence, the RACMO2 modelled runoff for
Austfonna is probably underestimated.
Even if RACMO2 overestimates the absolute net SMB of Austfonna, the correlation between
RACMO2 SMB anomalies and RA-2 elevation changes is evident (see Figure 6.3). Our observed
annual elevation changes and modelled SMB values correlate significantly (R = 0.88 and P =
0.009), and so we state that the SMB was indeed the main driver of inter-annual surface
elevation changes during our observation period. This is in accord with the study by Moholdt
et al. (2010a). Therefore, we can use the SMB anomaly estimates to assess the past elevation
changes of Austfonna. These, in turn, can be compared to previous elevation change studies
mentioned in Section 6.2.
Between 1996 and 2002, Bamber et al. (2004) recorded an average surface elevation change
rate of 0.32 ± 0.03 m/a (highest rate of change, more than 0.5 m/a, being observed at the
central accumulation area). Mean annual SMB anomaly for this period is −48 ± 51 kg/m2,
which – using our experimental relationship – corresponds to an annual elevation change rate
of 0.27± 0.10 m/a. This rate agrees with the measured elevation change within the bounds of
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the experimental error. We conclude that the growth reported by Bamber et al. (2004) was not
anomalous but, in fact, similar to that of the long time mean.
As for the limitations of deriving surface elevation changes using RACMO2, we assume the
net effect of all of the factors contributing to elevation change not due to SMB to be constant
every year. In other words, we assume that the inter-annual variation of both firnification and
ice flow is negligible. As outlet glaciers surges have been reported in the past, the most recent
being the surge of Brasvellbreen in 1938 (Schytt, 1969), this assumption is not valid for long
term. However, several studies (e.g. Moholdt et al. (2010a) and Bevan et al. (2007)) have
concluded Austfonna to be in a quiescent phase of a surge cycle, and thus flow velocities are
both small and constant. Unfortunately, no studies of firn density fluctuations are available
for Arctic ice caps, and therefore we cannot quantitatively evaluate our assumption of constant
firnification rate.
6.6 Conclusions
1. The RA-2 observed elevation change rate of Ausfonna during 2002-2009 is 0.33 ± 0.08m/a,
resulting in volume gain of 2.6± 0.6 km3/a (not taking glacier retreat or advance into account)
when extrapolated over the whole ice cap surface. The RA-2 observed thickening provides
evidence that Austfonna is not in dynamic balance with the current climate, but probably in
state of thickening between outlet glacier surges.
2. The inter-annual variability of Austfonna’s surface elevation – and, in consequence,
volume – is driven by anomalies in surface mass balance.
3. For the first time, we have shown that satellite altimeter observations, combined with
SMB estimates from a regional climate model, can be used to assess past elevation changes
of an ice cap. Based on RACMO2 modelled SMB anomalies, we present an average elevation
change rate estimate of 0.39± 0.15 m/a for our study area during the period 1959-2009.
4. For the third time, the RA-2 has been used to succesfully survey the surface elevation
change of an ice cap. We establish that targets of this size are not too small for the resolution
attained by traditional radar altimeters.
5. Knowing that mass loss from ice caps is a significant contributor to present-day sea level
rise, an accurate estimate of its magnitude is an important goal of today’s cryospheric research.
Our technique offers a very real prospect of reducing the current uncertainty in the volume
change rate of ice caps.
91





























































Figure 6.4: A) RACMO2 modelled net SMB anomaly (off 1958-2009 mean) for Austfonna 1958-
2009. B) Modelled mean elevation of Austfonna 1958-2009 based on annual SMB anomalies




This chapter summarises the findings of this thesis as presented in Chapters 4, 5 and 6 and
discusses their wider importance. The remaining challenges of altimeter ice cap elevation change
measurements are presented. Significance of the results are also discussed with respect to current
and future satellite missions.
7.1 Summary of Main Conclusions
The three main results chapters 4, 5 and 6 form a continuum of research work specifically demon-
strating the use of satellite altimetry for measuring surface elevation changes of ice caps. First,
in Chapter 4, the suitability of our technique is secured by cross-comparison of two independent
data sets on DIC. Next, the technique is applied to FIIC, and supported by independent SMB
estimates in Chapter 5. Finally, the satellite altimeter observations of current elevation change
of AIC are combined with a long time-series of SMB estimates, in order to assess past elevation
changes of the ice cap in Chapter 6.
7.1.1 Devon Ice Cap
The RA-2 and GLAS measured elevation changes on the DIC agree (RMS = 56 cm and
R = 0.68). GLAS has been previously used on ice caps, but this is the first study of a target
this size using a satellite radar altimeter like RA-2. The mean elevation change of the areas
of the DIC, that the RA-2 is able to measure, is zero within the uncertainty. Based on RA-2
measurements, the western arm of the DIC was thinning at a rate of 0.71± 0.49 m/a between
2002-2008. Furthermore, evidence of a localised 2 m drop in the surface elevation of the South
Croker Bay Glacier during summer 2007 was presented. This drop is apparent within both
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satellite data sets, and was interpreted to reflect a speedup of the glacier.
7.1.2 Flade Isblink Ice Cap
The average surface elevation and mass change rates of the FIIC has been zero within the
uncertainty (0.03 ± 0.03 m/a and 0.0 ± 0.5 Gt/a, respectively) between September 2002 and
September 2009. However, the areas above late summer snow line were gaining elevation (on
average 0.09±0.04 m/a) and areas below it were losing elevation (on average −0.16±0.05 m/a)
between 2002 and 2009. The GLAS-observed local elevation change rates during 2004-2008
range from 3.4 ± 0.7 m/a to −2.5 ± 0.7 m/a. The maximum value is among the fastest
thickening reported anywhere in Greenland.
In the flat regions of the FIIC with only few slow and steady flowing outlet glaciers, the
annual surface elevation changes can be explained by annual variations in the net SMB. A
strong correlation (R = 0.97 and P = 0.0004) between the two is found. In the vicinity of
glaciers that have recently surged, net SMB does not explain the observed elevation changes,
and no correlation is found between the two (R = 0.38, P = 0.40).
7.1.3 Austfonna Ice Cap
The RA-2 observed elevation change rate of AIC was 0.33 ± 0.08m/a during 2002-2009. This
corresponds to a volume gain rate of 2.6 ± 0.6 km3/a (not taking glacier retreat or advance
into account) when extrapolated over the whole ice cap surface. The RA-2 observed thickening
provides evidence that AIC is not in dynamic balance with the current climate, but probably
in a state of thickening between outlet glacier surges.
During the observation period, the inter-annual variability of AIC’s surface elevation – and,
in consequence, volume – was driven by anomalies in SMB. Based on RACMO2 modelled SMB
anomalies, the average elevation change rate was estimated at 0.39±0.15 m/a during the period
1959-2009. Of the three ice caps studied, significant average changes were observed only on
AIC.
7.2 Remaining Challenges
A major remaining challenge in satellite altimeter remote sensing of ice caps is how to interpret
the trends derived from data measured during a relatively short limited time-span. Another
challenge, characteristic of radar altimeters, is the varying signal penetration to the snow pack,
which can introduce errors in the elevation change estimates. In addition, the RA-2 still suffers
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from loss of tracking lock, and thus provides no measurements from the low elevation areas of
ice caps, with typically high surface slopes as well as high ablation rates. This is problematic,
because the largest elevation changes are expected to occur in these areas. However, a new
generation satellite altimeter flying with the CryoSat-2 is already able to measure areas with
high surface slopes (see Section 7.4.2)
As discussed in Section 1.1, in the context of climate change, the global sea level rise
contribution of the ice caps is of acute interest. Reliable quantification of this contribution calls
for more accurate and extensive snow and firn density estimates than are currently available.
7.2.1 Limited Time-span of Available Satellite Measurements
The currently available satellite altimeter data covers only a relatively short time-span. The
first ever satellite altimeter to measure land ice surface elevations was ALT onboard Seasat
in 1978 (see Section 2.6). GLAS data is only available for 2003-2009, and RA-2 data spans
from September 2002 to the present. It must be understood that the surface elevation change
rate measured by GLAS or RA-2 can not yet represent the long term trend. It is tempting
to make projections of the future change rates based on the GLAS or RA-2 data. However,
depending on the measurement period, the observed trend can be either negative or positive
(see for example Figure 4.4, the RA-2 measured relative elevations from the north-west sector
of the DIC).
Nevertheless, satellite altimeter data can – and should – be used when assessing different
theories and models discussing the drivers of the elevation changes, like was done in Chapters 5
and 6 where the annual elevation changes were shown to follow anomalies in SMB or, in other
areas, dynamic events. These theories can in turn be used when estimating past and future
elevation changes; In Section 6.4 the relationship between modelled SMB and observed elevation
change during the RA-2 period 2002-2009 was used to derive elevation change estimates during
1958-2002 from SMB values. In this manner, using satellite altimeter observations in tandem
with suitable models, like the RACMO2, they add to the knowledge of changes in ice caps even
outside the satellites’ lifetime.
7.2.2 Radar Penetration
As discussed in Chapters 4, 5 and 6, the variability of radar signal penetration into the target
surface introduces an uncertainty to RA-2 elevation change rate measurements. Penetration
corrections based on the backscattered power for radar altimeters do exist (Arthern et al., 2001),
and they have been utilised with RA measurements on continental ice sheets (e.g. Zwally et al.
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(2005)). The theory behind these corrections is that as the signal penetrates deeper into the
snow-pack, more volume scattering takes place, and more signal is scattered back to the receiver.
These corrections can be of the magnitude of several metres on the Antarctic Ice Sheet (Arthern
et al., 2001).
Within this project, I chose not to formally study how the penetration correction, designed
and validated for the ice sheets, performs on ice caps. This would have demanded re-retracking
all of the RA-2 waveforms in the target area, and there were no resources for this. Instead, on
the FIIC and AIC we had a priori knowledge that the whole ice cap surface was wet during
the summer months. To assess the effect of radar penetration on the derived change rates, the
elevation change rates were calculated using data from summer months only. These were then
compared to the rates calculated using all of the possible data. This comparison is shown in
Figure 7.1.
On the FIIC, discarding all but the summer data has a significant effect on the elevation
change rates. The RMS difference between the elevation change rates is 0.39 m/a. This
difference is of the same magnitude as a typical observed elevation change rate, and thus
significant. On the AIC, similar significant effect was not found. This suggests that the overall
seasonal variation in radar penetration is smaller on the AIC than on the FIIC. Based on this
control, only summer RA-2 data was employed while determining the elevation change rates
of FIIC (Chapter 5). On AIC, the RMS difference of the two elevation change rate sets is
0.14 m/a, which is smaller than the mean uncertainty of the observed trends. Therefore, all of
the available RA-2 data was used in determining the elevation change rates of AIC (Chapter
6).










































































Figure 7.1: RA-2 measured elevation change rates of AIC (left) and FIIC (right), using only
summer data (no radar penetration) and all possible data (unknown variability in radar pene-
tration)
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On the DIC (Chapter 4), RA-2 measurements without penetration correction were utilised.
The variation of radar penetration was accepted as one of the factors contributing to the
mismatch of GLAS and RA-2 elevation change measurements. The agreement of the GLAS
and RA-2 measurements is still reasonable (Section 4.4.1) – suggesting that the variability of
radar penetration on the DIC is relatively small.
Even with the existing penetration corrections applied, Thomas et al. (2008) presented
possible errors in the elevation change estimates of the Greenland Ice Sheet derived from radar
altimeter measurements. These possible errors are caused by the radar penetration progressively
becoming smaller as the increasing temperatures affect the surface snow characteristics (seasonal
melt extent increases). If there are similar progressive changes in the seasonal melt extent on
an ice cap, similar errors might be present in ice cap surface elevation change rate estimates
derived from RA-2 data. On ice caps such as AIC and FIIC this not an issue, because melt
extends over the whole ice cap area even during a typical summer.
Overall, the feasibility of existing penetration range corrections to ice caps should be fur-
ther validated in the realm of ice caps. If found to perform well, these corrections should be
implemented in the future versions of RA-2 ice cap elevation change rate processors. Further-
more, ground-based radar studies similar to that of Scott et al. (2006) would be useful when
quantifying the penetration depths of radar signals to ice caps. Several campaigns would be
needed to quantify the variation of the radar penetration. In the meantime, the effect of us-
ing only summer data should be quantified before interpreting the change rates. If the use of
summer data only leads into markedly different results than the use of all-year data, variation
in penetration depth is probably present. In such cases, only the summer data should be used,
given that the whole ice cap surface is known to be wet during summer.
7.2.3 Contribution of Ice Caps to the Global Sea Level Rise
The main goal of this study, as stated in Section 1.2, was to add to the knowledge of the state
and change of the ice caps today. In case of surface elevation and volume changes, this goal
was reached. For DIC and AIC, no mass change estimates were derived. However, to assess
the contribution of ice caps to the global sea level rise, volume changes must be converted
into mass changes. For this, an estimate of ice cap density is required. If one has no a priori
knowledge of the density, the estimates will necessarily have large uncertainties that translate
into large uncertainties in the net mass change estimates. In Section 5.4, this uncertainty in
the firn density (660± 250 kg/m3) is accepted. In other words, it is accepted that the density
of the firn can be anything between that of typical first year snow (410 kg/m3) and pure ice
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(910 kg/m3). Using this estimate, a FIIC mass change rate estimate of 0.0 ± 0.5 Gt/a was
derived. This zero mass change, naturally, corresponds to zero (0.000 ± 0.001 mm/a) change
in global sea level.
The same firn density estimate with the large uncertainty (660 ± 250kg/m3) was used by
Gardner et al. (2011) to convert GLAS measured surface elevation changes of Canadian ice
caps (including DIC) to mass changes. In addition to altimeter measurements, they also used
modelled mass balance and gravimetry and arrived at a total mass loss of 368 ± 41 Gt(or
1.01 ± 0.11 mm of sea-level rise) from the Canadian ice caps between the years 2004 to 2009.
Because 85% of the volume losses observed by Gardner et al. (2011) occurred below the firn
area, the large uncertainty in firn density had relatively small impact (±2Gt) on overall mass
loss estimates. This was not the case with the FIIC, where significant volume gain was observed
in the firn area (area above the LSSL) and the large uncertainty in firn density resulted in large
uncertainty in the mass change estimate.
For the large ice sheets, firn densities are derived from temperature-dependent snow models,
which have been shown to yield good results (e.g. Zwally et al. (2005) and Arthern et al. (2010)).
If the surface elevation changes derived from altimetry are to be converted to mass changes,
similar models must be validated at ice caps. Before that, the large uncertainty in the firn
density has to be accepted.
7.3 Future work
This thesis covers but three of the several hundreds of ice caps on Earth. The most important
outcome of the thesis lies in the demonstration that ice caps are feasible targets for traditional
radar altimetry. As a part of this project, 189 GlobGlacier WP4 (elevation change) products
have been created. More importantly, the processing software for RA-2 and GLAS data were
written and are available for further development.
The next logical step would be to use this software and extend a similar study across a large
number of ice caps. This would yield mean surface elevation (and volume) change estimates
for the target ice caps. Combined with validated density estimates from a suitable model, the
volume change estimates can be converted to mass change estimates.
The surface elevation change of an ice cap is mainly driven by the SMB and the dynamics
of the ice cap, but often it is unclear which one is the primary driver. If one has information on
the SMB (estimate of the long term mean from ice cores, fine resolution climate model, etc.)
drivers of the surface elevation can be assessed. A good example of this is our study on the
98
South Croker Bay Glacier on the DIC (Section 4.4.5). Two independent altimeters measured
a surface drop of approximately 2 m, that could not be explained by melt. It is likely that the
drop is due to ice dynamics, and the South Croker Bay Glacier would provide an interesting
target for future study. In case the of FIIC, the SMB estimates from RACMO2 were used to
assess the relationship of SMB and surface elevation change. Areas where SMB alone is the
driver of the elevation change, as well as areas where it is not, could be distinguished from each
other by quantitative means. As discussed in Section 1.3.1, there is a need for a geographically
extensive study on relative importance of the SMB and dynamic effects. The work on the FIIC
presented in Chapter 5 of this thesis can be considered as a pilot study for such a geographically
extensive study.
The ability to observe whether a part of an ice cap is experiencing rapid dynamic effects,
would provide valuable information for the glaciological community. Searching for significant
thinning or thickening in all of the available RA-2 elevation time series would be reasonably easy
to automate. This, combined with an estimate for SMB of the area, and a simple threshold filter
(for example dh > 2∗SMB), could reveal surge-like behaviour and pinpoint areas of interest. A
more detailed study of velocity change could then be undertaken using InSAR derived surface
velocities. If ice caps with widespread dynamic thinning due to accelerated glacier flow would
be found, the trigger of this acceleration could be further studied. This, in turn, would result
in better estimates what magnitude of changes in boundary conditions of an ice cap would be
needed to trigger large scale dynamic mass losses that would result into sharp increase in the
rate of the global sea level rise.
7.4 Current and Future Satellite Altimeters
At the time of writing, there are two satellite altimeters suitable for remote sensing of land
ice in orbit: RA-2 and SIRAL-2. Two more satellite altimeters, that will provide altimeter
measurements similar to those discussed in this thesis, are planned: ATLAS and SRAL.
7.4.1 Radar Altimeter 2 During EnviSAT extension
In late 2010, the orbit of EnviSAT was changed to save the remaining hydrazine fuel on-board
the satellite. The change allows extension of the mission until the end of 2013, exceeding the
5-year nominal lifetime of the satellite by nearly 7 years (ESA Earthnet, 2010). Currently RA-2
is measuring surface elevations from the extension orbit.
As the RA-2 method described in this thesis relies on orbital crossover points, the orbit
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Table 7.1: The main differences between the EnviSAT nominal orbit and the EnviSAT extension
orbit (ESA Earthnet, 2010)
Envisat extension orbit Envisat nominal orbit
(i.e. from 02 November 2010) (i.e. until 22 October 2010)
Repeat cycle 30 days (431 orbits per cycle) 35 days (501 orbits per cycle)
Orbit control Only altitude control, Altitude and inclination control
no inclination control (i.e. maintenance of ground
(i.e. inclination drift) track within ± 1 km)
change may have a significant effect on the observed elevation trends. This is due to the
inclination of the extension drifting which will result in the crossover points of original orbit
and the extension orbit being in different locations. There may be a bias in the elevation
differences of the extension orbit calculated against a reference track in the original orbit. The
inclination drift of the extension orbit may also introduce a bias. Determining these biases
remains a task for future studies.
7.4.2 CryoSat-2 SIRAL-2
CryoSat-2 was successfully launched on April 8:th, 2010 (ESA Online News Bulletin, 2010b),
and at the time of writing is functioning normally and providing altimeter measurements. The
main instrument of Cryosat-2, SAR/Interferometric Radar Altimeter 2 (SIRAL-2), is the most
advanced radar altimeter in orbit today. CryoSat-2, as the name suggests, is a dedicated
cryosphere mission. It is highly relevant to the study of ice caps, and will contribute data for
the continuation of work started here.
The Synthetic Aperture Interferometric (SARIn) mode of SIRAL-2 is designed to work on
land ice with large surface slopes. The tracking system of SIRAL-2 is more advanced than that
of RA-2, and thus it is able to maintain lock in the margin areas of ice sheets and ice caps.
Finally, the spatial resolution of SIRAL-2 is superior to that of RA-2 (0.3x1km in contrast to
10km) (Wingham et al., 2006). These features combined render the SIRAL-2 applicable for
measuring the low elevation areas of ice caps, where the largest elevation changes are expected
to occur due to highest rates of ablation.
7.4.3 Sentinel-3 SRAL
ESA’s Sentinel-3 is a series of Earth Observation (EO) satellites in the Global Monitoring
for Environment and Security (GMES) program. The first satellite of Sentinel-3 is expected
to be launched in 2013 (Sentinel-3 Home Page, 2011). The main target of Sentinel-3 series
will be the world’s oceans, and one of the main instruments on-board will be the Synthetic
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Aperture Radar Altimeter (SRAL). SRAL will be a dual frequency (Ku and C-band) radio
altimeter, capable of synthetic aperture measurements for improved spatial resolution, much
like CryoSat-2’s SIRAL-2. However SRAL will lack the SARIn mode that would be most useful
for studying ice caps.
Sentinel-3 will provide operational observations for a multitude of applications, some of
which are time-critical. Thus some Sentinel-3 products will be available to users only hours
after the measurement, in contrast to the considerably longer processing times of data from
science satellites. ESA has also declared that the data from the Sentinel missions, including
the SRAL data, will be free (ESA Online News Bulletin, 2009).
Sentinel-3 satellites will fly in a high-inclination (98.5o), sun-synchronous polar orbits, so
they will provide potentially valuable altimeter measurements on polar land ice (Aguirre et al.,
2007). Even while lacking the SARIn mode, SRAL will provide data much like that of RA-
2. The work on RA-2 presented in this thesis is directly applicable to SRAL, even if the
measurements on ice caps would be made in a low resolution mode. If the EnviSAT can provide
RA-2 data until the end of the planned extension phase, SRAL will continue the time series of
elevation measurements with at least some overlap. When SRAL data becomes available, there
is no reason why it could not be utilised in ice cap elevation change studies.
7.4.4 ICESat-2 ATLAS
The Ice, Cloud, and land Elevation Satellite-2 (ICESat-2), scheduled for launch in 2016 (ICESat-
2 WWW page, 2011), is the follow-up of the ICESat mission. The main payload of the ICESat-2
will be the Advanced Topographic Laser Altimeter System (ATLAS). ATLAS will be a multi-
beam laser system loosely based on the GLAS, but with two major differences. Instead of a
single laser beam, ATLAS will have six beams in a 3x2 configuration (see Figure 7.2). Additional
measurements from both sides of the ground track will provide an estimate of cross-surface slope
– a source of uncertainty in GLAS measurements, discussed in Section 3.2.2. ATLAS will also
have a lower transmit energy and higher pulse repetition rate (PRF) than GLAS. This design
is known as the micropulse laser altimetry approach. High PRF will result in dense along-track
sampling. The proposed PRF for ATLAS is 10 kHz, resulting in along-track spacing of less
than one metre (Yu et al., 2010), in contrast to the 170 m spacing of GLAS.
ICESat-2, if successful, will provide data suitable for ice cap surface elevation change studies.
Combining ATLAS data with GLAS measurements will provide elevation change estimates for
the 13 year period between start of the GLAS measurements (2003) and the ATLAS measure-
ments (2016 onwards). Unfortunately, the mission is still in phase A, at least half of a decade
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Figure 7.2: ICESat-2 measurement configuration (Source: NASA)
from being operational. For many key regions of the continental ice sheets, the Icebridge mis-
sion will provide altimeter measurements bridging the gap (Studinger et al., 2010), but for the
vast majority of ice caps this is not the case. Thus the ICESat-2 will probably be the next
near-global laser altimeter study of ice cap surface elevation changes.
7.5 Wider Implications and the Importance of Results
The IPCC report explains that because of the very intensive fieldwork required, directly mea-
sured mass balance records are biased towards logistically easy and morphologically accessible
glaciers (IPCC, 2007). Satellite altimetry provides measurements in areas where direct mass
balance measurements are not feasible. None of the three target ice caps of this study could
be characterised as logistically easy. Therefore, satellite altimeters add badly needed data on
the elevation change of ice caps. Raper & Braithwaite (2005) estimated that 59 % of all the ice
volume in glaciers and ice caps resides in ice caps. This equates to an ice volume of more than
105 km3 or to a global sea level rise potential of approximately 30 cm that is now accessible
to satellite radar altimeter measurements. The satellite altimeter data, combined with density
estimates, will yield estimates of mass change and, in consequence, of global sea level rise.
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The accuracy of the mass change estimate is largely subject to the uncertainty of the density
estimate like discussed in Section 7.2.3.
Work presented in this thesis shows that the RA-2 data are valuable in measuring ice cap
surface elevation change. Previously this has been uncertain, and subject to debate. The
accumulation rates of Greenland, measured by satellite radar altimeters, were questioned in the
late 1990’s because “radar altimeter data are subject to large errors” (Benn & Evans, 1998).
Altimetry has since developed into a recognised tool for cryospheric research (see Sections 3.3
and 3.4). The work presented in this thesis is a continuation of this development, pushing the
size limit of the target smaller, and the resolution of elevation change rate maps finer. This
development can be seen by comparing Figures 3.6 (RA elevation change rate map of Greenland,
spatial resolution 100 km) and 5.3 (RA-2 elevation change rate map of FIIC, spatial resolution
10 km).
The demonstration of the feasibility of traditional radar altimetry for measuring ice cap ele-
vation changes is an important result. Laser altimeters have been previously used in measuring
ice cap elevation changes, and the GLAS data is widely accepted to be good (e.g. Moholdt et al.
(2010b), Gardner et al. (2011)) but at the time of writing there are no laser altimeters in orbit.
However, the RA-2 is still flying, and the results presented in this thesis show that it is able to
measure similar targets as GLAS, especially the large, flat ice caps. Thus we can continue to
monitor these ice caps with the RA-2, as well as the radar altimeters on-board future Sentinel-3
satellites.
The processors for RA-2 and GLAS data, written as part of this research project, now
form a part of the GlobGlacier system for monitoring glacier and ice caps changes from space.
Consequently, the work presented in this thesis will continue to contribute to ESA altimeter
data processing in the future.
7.6 Concluding Remarks
The work in this thesis shows that a traditional radar altimeter (namely the RA-2) can measure
elevation changes of ice caps. The elevation change estimates from RA-2 and GLAS are in
agreement, thus validating the RA-2 estimates. When radar altimetry had been previously
used on large ice sheets, the feasibility of RA-2 to measure ice caps was uncertain and subject
to debate prior to this work. The results of this thesis are a continuation of the development
of satellite remote sensing of the cryosphere. As an outcome of my work, elevation change
estimates of areas previously unmeasured can be obtained.
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I have presented elevation change estimates, derived from both GLAS and RA-2, for ice
cap areas where no previous elevation change estimates existed. I have also shown that these
estimates, used in conjunction with modelled SMB estimates, can shed light on the drivers
of the elevation change. Given the importance of ice caps to the global sea level rise, this
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This work forms a part of a larger ESA project GlobGlacier. The aim of this project was to
build a service for glacier monitoring from space. Such a service is necessary for establishing
a global picture of glaciers and ice caps and assessing their role as Essential Climate Variables
(ECV). Particular objectives of the GlobGlacier project were to:
• Define Earth Observation (EO) services for glacier monitoring based on the user require-
ments
• Integrate latest EO technology with state-of-the-art ground-based observations
• Demonstrate and implement the services for the members of the user group
• Validate the services
• Maintain a database of GlobGlacier products through the Global Land Ice Measurements
from Space (GLIMS) database
• Thereby contribute to new scientific results in the domain of climate change detection,
sea level contribution, climate modelling and hydrological modelling.
(Globglacier SOW, 2006)
GlobGlacier was split into several work packages (WP) listed in table A.1, scientifically
important WPs being 1-5. Work presented in this thesis is part of the elevation change work
package (WP4). Goal of WP4 was to create a large number of glacier and ice cap surface ele-
vation change products for the use of the scientific community. In the words of the GlobGlacier
Statement of Work document (SOW), the work of WP4 was set out to be:
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Changes in glacier surface elevation will be obtained by differencing gridded DEMs
from two epochs in time (e.g. InSAR, stereo-photogrammetry) and from time-
series of satellite (and partly airborne) altimetry data (e.g. RADAR, LIDAR).
Additionally, methods for spatial extrapolation of point measurements to the entire
glacier surface will be developed.
(Globglacier SOW, 2006)
Table A.1: List of GlobGlacier work packages
WP number Title
1 Glacier outline and terminus




There are two kinds of GlobGlacier products: data and document deliverables. WP4 pro-
duced more than 1000 surface elevation change data products, 189 of these based on satellite al-
timetry. The most important of the document deliverables is the description of the GlobGlacier
system for satellite monitoring from space. The GlobGlacier project started in November 2007
and ended in November 2010. The GlobGlacier consortium was lead by the University of Zurich,
and other participating institutes were the University of Oslo, University of Edinburgh, Uni-
versity of Leeds, GAMMA Remote Sensing Research and Consulting AG, and Environmental
Monitoring & Earth Observation (Enveo).
A.1 GlobGlacier Processors and Data Products
A total of 189 surface elevation change data products were produced for GlobGlacier using
satellite altimeter data. All of the data from one ice cap is considered one data product.
The number of data points (crossovers for GLAS and data bins for RA-2) varies from 1 to a
maximum of 52 per product and depends on the size and surface geometry of the target. All of
the data products are from the Arctic, but there is no reason why similar products could not
be created for the ice caps in the southern hemisphere (e.g. the Patagonian Ice Field or the ice
caps on the Antarctic Peninsula).
Geographical distribution of the GlobGlacier WP4 data products is shown in Figure A.1.
184 of the data products are based on RA-2 data, and five are based on GLAS data. All of the
GlobGlacier elevation change products are available for the use of GlobGlacier consortium and
the user group.
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In addition to the data products, a major deliverable of the GlobGlacier project was the data
processing system. The GlobGlacier processors for both RA-2 and GLAS were written during
the project. Both processors are implemented as Matlab functions. The metacode description
of the processing software is presented in next section. The processors, like the data products,
are available for further use and development for the GlobGlacier consortium and user group.
A.2 GlobGlacier Software
As a part of the GlobGlacier project processors to create elevation change products were created.
A flow chart for data processing from base data to elevation change products for both altimeters
is presented in figure A.2. The GlobGlacier processors for both RA-2 and GLAS data are
implemented as Matlab functions. Matlab was chosen for easy visualization of data and ready
products as well as available functions for ESRI shapefile creation. In addition to Matlab,
GLAS processing chain depends on the NGAT tool provided by the NSIDC. As the algorithms
are reasonably simple, there is no reason why similar processors could not be implemented in
any other programming language. After shapefile creation, projection information is written to
shapefiles using open source ogr2ogr -software which is part of the Geospatial Data Abstraction
Library GDAL.
Figure A.1: GlobGlacier surface elevation change (WP4) products (coloured dots). Elevation
change rate is for the period 2002-2008.
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Figure A.2: GlobGlacier Processing Chain for RA-2 and GLAS Data
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To constrain the elevation change estimates to an ice surface both processors need an ice
outline from an external source. Convenient sources for the outlines are GlobGlacier WP1 and
GLIMS. However, due to large footprint of the RA-2, also coarse outlines from other sources
can be used. A large number of RA-2 products were created with outlines from the Digital
Chart of the World (DCW).
A.2.1 Common functions for RA-2 and GLAS
3-sigma clipping
Elevation points that deviate more than three times the standard deviation from the mean
elevation are discarded.
Spatial clipping
Elevation points falling outside given ice outline are discarded.
Time series creation
All of the elevation measurements from single point in space are combined into one time series
of elevations.
Trend and error analysis
A first degree polynomial is fitted to the time series of elevations. The slope of this polynomial
represents the elevation trend during the observations period. An estimate for uncertainty of
the elevation change is calculated from the sum of residuals between the linear fit and measured
elevations.
Product file creation
Time and elevation vectors, elevation change trend and error estimates are written into an ESRI
shapefile.
A.2.2 RA-2 specific functions
EnviSAT RA2 data as used for GlobGlacier is processed by University College of London (UCL)
Centre for Polar Observation and Modelling from RA2 GDR format Level-2 data.
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UCL Crossover analysis
The elevations measured by the RA-2 are compared to elevations measured during an orbital
cycle that is chosen as the reference cycle. This method is commonly known as the dual
crossover method. The elevation values are interpolated to orbital crossover points from two
nearest measurements. This produces time series of elevation differences at all orbital crossover
points relative to the reference cycle.
Combining different reference cycles
Elevation difference time series using different reference cycles are combined in to one time
series. This is be done by removing the mean elevation difference from each time series.
A.2.3 ICESat GLAS specific functions
Data used for Ice, Cloud, and land Elevation Satellites (ICESat) Geoscience Laser Altimeter
System (GLAS) elevation change product is the GLAS/ICESat L1B Global Elevation Dataset or
”GLA06” available free of charge online from the National Snow and Ice Data Center (NSIDC).
Pre-filtering
Elevation measurements with elevation gain values larger than given threshold are discarded.
Crossover analysis
An elevation value for orbital crossover point is calculated as the mean of elevations measured
during ascending and descending passes. The elevation can be calculated as the mean of all
measurements falling inside a given radius from the crossover point or the elevation can be
interpolated from subsequent measurements to the exact crossover point. Interpolation is more
precise method of these two and thus recommended.
Slope correction
An external DEM is subtracted from the elevation values. This removes the effect of crossover
points from different operations periods not coinciding and thus including elevation change
induced by the surface slope.
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